GENETIC AND MOLECULAR MECHANISMS OF MONOGENIC EPILEPSIES

Patrick Cossette
Department of Human Genetics
McGill University, Montreal

August 2007

A thesis submitted to McGill University in partial fulfilment of the requirements of the
degree of Ph.D

©Patrick Cossette, 2007



Bibliothéque et
Archives Canada

I*. Library and
Archives Canada

Direction du

Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street
Ottawa ON K1A ON4

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-50802-2
Qur file  Notre référence
ISBN: 978-0-494-50802-2
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par l'Internet, préter,
distribuer et vendre des théses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canad;

Conformément a la loi canadienne
sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



A la mémoire du docteur Guy Geoffroy



“Reports in support of hereditary
factors in epilepsy date back at
least to biblical times... The
findings of the earlier as well as
the more recent investigators
suggest that, if hereditary factors
underly some of the epilepsies,
this is most likely to be
demonstrated when the proband
has no apparent extrinsic cause
for his epilepsy. And, to hide our
ignorance here, we say that the
patient has idiopathic epilepsy.”
KATHERINE AND JULIUS METRAKOS
MONTREAL, 1961.
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ABSTRACT

Epilepsy is a common and heterogeneous neurological disorder affecting aproximately
1.0% of the general population. In up to 65% of cases, the etiology could not be
demonstrated (idiopathic). Based on familial aggregation and twin studies, genetic
factors are believed to play an important role in idiopathic epilepsies. Recently, familial
forms of epilepsies have been identified, and mutations in specific genes predisposing to
these rare forms of monogenic epilepsies were uncovered. In this thesis, identification of
mutations in three different genes is described, including a D188V mutation in the a1
subunit of the voltage-gated sodium channel (SCN/4) associated with generalized
epilepsy with febrile seizure plus; an A322D mutation in the o1 subunit of the GABAA
receptor in an autosomal dominant form of juvenile myoclonic epilepsy; and a Q555X
mutation in synapsin 1 (SYNI) in a recessive X-linked temporal lobe epilepsy.
Preliminary functional studies on each of these mutation suggested altered function of the
mutated genes, suggesting that these mutations are indeed pathogenic. Also, detailed
clinical characterization of the SYN1 555y mutation carriers revealed that affected males
and females respectively exhibit developmental language disorder and dyslexia.
Considering that individuals with mutated SCN/A4 may also exhibit mental retardation,
these data suggest that mutations in epilepsy genes may also predispose to impaired
cognition. The identification of such molecular mechanisms underlying monogenic
epilepsies should eventually help to improve the treatment of this chronic and debilitating
disorder, and will provide food for a revised, molecular-based, classification of the

epileptic syndromes.

Vil



Patrick Cossette Genetics of monogenic epilepsies

RESUME

L’épilepsie est une maladie neurologique fréquente et hétérogéne qui touche environ
1.0 % de la population générale. L’étiologie demeure indéterminée dans plus de 65% des
cas. Les études d’agrégation familiale et de jumeaux identiques suggérent que les
facteurs génétiques contribuent de fagon importante aux épilepsies idiopathiques. Des
formes familiales d’épilepsie ont été récemment indentifiées et des mutations dans des
génes spécifiques, prédisposant a ces formes rares d’épilepsie monogénique, ont été
retrouvées. Dans cette thése, I’identification de mutations dans trois génes est décrite,
incluant une mutation D188V dans la sous-unité al du canal sodique voltage-dépendant
(SCN14), associé a I’épilepsie généralisée avec convulsions fébriles plus; une mutation
A322D dans la sous-unité a1 du récepteur GABAA (GABRA), associée a une forme
autosomique dominante d’épilepsie juvénile myoclonique; et une mutation Q555X dans
la synapsine 1 (SYN1), associée a une forme d’épilepsie temporale avec transmission
récessive liée 4 I’X. Nos études préliminaires montrent que la fonction normale de ces
génes est altérée pour chacune de ces mutations, suggérant qu’elles sont effectivement
pathogenes. Aussi, I’analyse des porteurs de la mutation SYN/ pss5x mutation a révélé que
celle-ci est associée avec un trouble du développement du langage chez les hommes et la
dyslexie chez les femmes. Considérant que les individus avec des mutations dans SCNI1A4
peuvent présenter un retard intellectuel, ces données suggérent que les genes prédisposant
a I’épilepsie peuvent également prédisposer a une perturbation de la cognition.
L’identification des mécanismes moléculaires sous-jacents aux épilepsies monogéniques
pourrait faciliter le dévelopment de nouveaux traitements pour cette maladie et permettre

I’élaboration d’une version révisée de la classification des syndromes épileptiques.

Vilt
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CLAIMS FOR ORIGINALITY

The overall aim of this Ph.D work is to identify genes and molecular mechanisms
conferring susceptibility to epilepsy, by focusing on familial forms of idiopathic

epilepsies. With these respects, the original findings presented in this thesis are:

1) in chapter 2, the identification a D188V mutation in the o1 subunit of the voltage-
gated sodium channel (SCN/4) in a large pedigree is described, the original family from
which the syndrome of Generalized Epilepsy with Febrile Seizures plus (GEFS+) has
been identified (Scheffer and Berkovic 1997). By recording sodium channel currents in
vitro, we found that recombinant SCNIA channels harbouring the D188V mutation were
more resistant to the decline in amplitude that is normally observed over the course of
high frequency pulse trains. This change in channel function is compatible with an
increase in membrane excitability, such as during sustained and uncontrolled neuronal

discharges;

2) in chapter 3, the identification of the first gene predisposing to juvenile myoclonic
epilepsy (JME), one of the most common epilepsy syndrome, is described. This finding
started with the identification in my epilepsy clinic of a large family segregating JME
with autosomal dominant inheritance, in which we have found a missense mutation in the
ol subunit of the GABA, receptor (GABRAI). By performing in vitro recording of
GABA-evoked currents, we showed that the GABRA I 4322p mutation is associated with a

loss-of-function of this ligand-gated chloride channel.

XV
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3) in chapter 4, the identification of a large family with recessive X-linked temporal

lobe epilepsy caused by a Q555X mutation in synapsin 1 (SYNI) is described. By

knocking-down Syn/ in zebrafish, we showed that the SYN/ 555y mutation is associated

with impaired synaptic transmission in vivo;

4) in chapters 2 and 3 of this thesis, examples where a mutation in the same gene is
associated with different clinical phenotypes are provided, supporting the hypothesis of a
biologic continuum among generalized epilepsy syndromes. The variety of phenotypes
associated with mutations in a single epilepsy gene may ultimately lead to a revised,

molecular-based, classification of epilepsy syndromes.

5) in chapter 4, we show that, in addition to epilepsy, males carrying SYN/psssx
mutations exhibit language disorder, whereas female exhibit dyslexia and language
disorder as a dominant X-linked trait. This observation suggests that SYNI may also

predispose towards a rare form of language disorder with Mendelian inheritance.

XV
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ABBREVIATIONS

ADNFLE autosomal dominant nocturnal frontal lobe epilepsy
ADPEAF autosomal dominant partial epilepsy with auditory features
ARFGAP ADP-ribosylation factor GTPase activating protein
BECTS  benign childhood epilepsy with centrotemporal spikes
BFNIC benign familial neonatal-infantile convulsions

BNC bening neonatal convulsions

BNFC benign neonatal familial convulsions
CACN voltage-gated calcium channel

CAE childhood absence epilepsy

CEOP childhood epilepsy with occipital paroxyms
CHRN nicotinic acetylcholine receptor
CLCN voltage-gated chloride channel

CPS complex partial seizures
EA episodic ataxia
EEG electroencephalogram

EFHC EF-hand calcium-binding motif
EGMA epilepsy with grand mal seizures on awakening
EVLD epilepsy with variable learning disabilities

FEB familial febrile seizure

FHM familial hemiplegic migraine

FICPC familial infantile convulsions and paroxysmal choreoathetosis
FKC paroxysmal kinesigenic choreoathetosis

FS febrile seizures

GABA gamma-aminobutyric acid

GABRA  alpha subunit, gamma-aminobutyric acid receptor
GABRD  delta subunit, gamma-aminobutyric acid receptor
GABRG gamma subunit, gamma-aminobutyric acid receptor
GEFS+ = generalized epilepsy with febrile seizure plus
GEPD generalized epilepsy with paroxysmal dyskinesia

GSw generalized spike waves

GTC generalized tonic-clonic

IGE idiopathic generalized epilepsy
JAE juvenile absence epilepsy

JIME juvenile myoclonic epilepsy
KCN voltage-gated potassium channel
LGI1 leucin-rich glioma-inactivated
MRI magnetic resonance imaging

PEPS partial epilepsy with pericentral spikes
REPED rollandic epilepsy with paroxysmal exercise-induced dystonia

SCN voltage-gated sodium channel
SYN synapsin
TLE temporal lobe epilepsy
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CHAPTER 1: GENERAL INTRODUCTION

HISTORICAL PERSPECTIVES

Epilepsy is the most common neurological disease after stroke, affecting
approximately 1.0% of the general population. The disease has been recognized and
described by physicians since Ancien times. The earliest description of epileptic seizures
was found in the Sakikku, a Babylonian cuneiform medical diagnostic text compiled
between 1067 BC and 1046 BC (Wilson and Reynolds 1990; Eadie and Bladin 2001). In
the Sakikku, what appear to be epileptic episodes were called antasubba (in Sumerian) or
miqtu (Akkadian term) which means “the falling disease” (Wilson and Reynolds 1990).
The word epilepsy and its Latin equivalent epilepsia are derived from the Greek
emAnyi& for to seize or take hold of, indicating that the individual having a seizure is
possessed or out of control (Temkin 1971; Trescher and Lesser 1996; Eadie and Bladin
2001). Mainly because of its dramatic clinical manifestations, the disease has always
provoked astonishment if not fear, providing food for sustained misconceptions about the
origin of the disease (Goldensohn 1997). Until relatively recent years, the nature of
epilepsy was commonly understood in the general community as an outcome of the
activity of supernatural powers, of different kinds. Remnants of such beliefs remain even
in advanced societies (Eadie and Bladin 2001). As an example Grand Mal and Petit Mal
seizures are still largely used in the medical literature, especially in continental Europe, to
designate generalized tonic-clonic and absence seizures respectively (ILEA 1989;
Loiseau et al. 2002; Wolf 2002).

Contemporary understanding of the disease has been largely influenced by the work of

John Hughlings Jackson (Jackson 1870; Jackson 1887; Trescher and Lesser 1996;
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Goldensohn 1997; Eadie and Bladin 2001) and Wilder Penfield (Pendfield and Jasper
1954; Goldensohn 1997; Eadie and Bladin 2001). These authors notably demonstrated
that epilepsy can be caused by various lesions in the brain, and that surgical excision of
these discharging lesions may cure the disease. However, it is now well established that,
in the majority of the individuals with epilepsy, the cause cannot be identified, despite a
thorough evaluation. So far, in these idiopathic epilepsies, sophisticated magnetic
resonance imaging (MRI), as well as neuropathological studies repetitively failed to
demonstrate the causative lesion in the brain. In these cases, genetic factors have been
suspected to play an important role in the etiology of the disease. However, it is only
recently that specific genes, predisposing to rare inherited forms of epilepsy, have been
identified. In this thesis, this recent literature will be reviewed, and a strategy will be
elaborated in order to identify additional genes and molecular mechanisms underlying

Sfamilial forms of idiopathic epilepsies.

DEFINITION AND CLASSIFICATION

Epileptic seizures

The definition of epilepsy varies significantly from one author to the other, and none
of these definitions have been generally accepted in the neurologicél literature. Over the
centuries, the word has been used almost interchangeably for both epileptic episodes (the
epileptic seizure), and for the abnormal state of the brain underlying these episodés
(epilepsy as a neurological disorder). John Hughlings Jackson in 1870 provided the most
accepted definition of epileptic seizure, that he considered as “an occasional, an

excessive, and a disorderly discharge of grey matter” (Jackson 1870). More recently,
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Aicardi proposed that “an epileptic seizure results in a paroxysmal disorganization of one
or several brain functions” (Aicardi 1986). These two definitions emphasized either on
the physiological or the clinical component of the epileptic seizure. Contemporary
authors will eventually take into consideration both aspects of these definitions,
considering that epileptic seizure is caused by “a temporary physiological dysfunction of
the brain, caused by a self-limited, abnormal, and hypersynchronous electrical discharge
of alarge group of cortical neurons” (Martin 1991; Pedley et al. 1995; Fisher et al.
2005).

According to the International Classification of Epileptic Seizures (ILEA 1981), a
seizure is considered partial when the epileptic discharge is initially limited to part of one
brain hemisphere, or generalized when it involves both cerebral hemispheres from the
onset. The partial seizures are sub-divided into simple partial seizure when full
consciousness is preserved and complex partial seizure when consciousness is impaired or
lost during the episode. Any partial seizure may become secondary generalized when the
seizures eventually spread to both hemispheres, evolving to a generalized tonic-clonic
seizure.

The clinical manifestations of any partial seizure will depend on several factors,
including: 1) whether most or only part of the cerebral cortex is involved at the
beginning; 2) the function of the cortical areas involved by the epileptic discharges (e.g.
sensory, motor, visual, limbic) ; 3) the subsequent pattern of spread of the electrical
discharge within the brain (Pedley et al. 1995). In addition to partial seizures, the
International Classification of Epileptic Seizures recognizes four main types of

generalized seizures (ILEA 1981; Blume et al. 2001):
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1) absence seizure, consisting in a sudden onset, interruption of ongoing activities, a
blank stare, often with a brief upward rotation of the eyes, that is usually lasting a few
seconds. The clinical manifestations are associated with typical generalized spike-and-
wave discharges at the frequency of 3 Hz on electroencephalographic (EEG) recording;

2) myoclonic seizures, consisting in a sudden, brief involuntary contraction(s) of
muscle(s), of variable topography (e.g. bilateral, unilateral, axial, proximal limb, distal)
generally involving the upper limbs and upper half of the body. Repetitive bilateral
myoclonic jerks may eventually progress to a generalized tonic-clonic seizure;

3) atonic seizures, resulting from a sudden loss or diminution of muscle tone,
involving head, trunk, jaw, or limb musculature, which may lead to unexpected fall;

4) tonic, clonic and tonic-clonic seizures, respectively consisting in sustained (tonic),
repetitive and rhythmic (clonic) muscle contraction, or combination of both (tonic-
clonic).

Except for minor myoclonic jerks, consciousness is usually lost from the beginning in
all types of generalized seizure, and these seizures are not preceded by any warning

(aura).

Epileptic syndromes

Epileptic seizure usually indicates a disturbance in the brain function, which may
occur because of a non-specific acute medical or neurological illness. As an example,
vérious psychotropic drug intoxication or withdrawal, as well as acute traumatic head
injury may provoke seizure in any individual (Loiseau 1997). Sometimes, a single
seizure may arise for unknown reasons (unprovoked). In these examples, when the

seizures do not persist beyond the acute neurological illness, or when there is no
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recurrence after a first unprovoked seizure, the individual is usually not considered
epileptic. Epilepsy is rather used to designate a pathological state characterized by
recurrent epileptic seizures (Pedley 1997; Fisher et al. 2005; Engel 2006). However,
epileptic individuals may exhibit a wide range of clinical presentation, not only in terms
of seizure manifestations, but also exhibit variable age of onset, etiology, prognosis, etc.
Therefore, epilepsy is clearly not a single condition, but rather a diverse family of
disorders, called the epilepsies, having in common an abnormally increased
predisposition to seizures (Fisher et al. 2005).

Despite high heterogeneity among the various epilepsies, clusters of clinical signs and
symptoms have been frequently observed among epileptic individuals, allowing
physicians to identify unique clinical entities, called epileptic syndromes. The
International League Against Epilepsy (ILEA) has started in 1985 to make an inventory
of epileptic syndromes widely accepted in the epilepsy community, a process that is still
underway (ILEA 1989; Engel 1998; Engel 2001; Engel 2006). The International
Classification of the Epilepsies and Epileptic Syndromes rests on two criteria: 1) seizure
type which may be generalized or partial; and 2) etiology, which may be idiopathic,
cryptogenic and symptomatic (ILEA 1989) (Table 1 and 2). Additional criteria include:
age of onset, evolution of the syndrome, associated interictal signs, symptoms and EEG
patterns, and genetic basis (ILEA 1989; Engel 2001; Engel 2006)

Symptomatic epilepsies have multiple and heterogeneous causes including brain
injury, central nervous system infection, and metabolic disorders (ILEA 1989; Engel
2006). Also, some hereditary disorders may present with epilepsy, along with a diffuse

progressive brain dysfunction (eg. progressive myoclonic epilepsies) (Lohi et al. 2006).
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These epilepsies will not be considered in this thesis. In turn, the majority individuals
with epilepsy (65%) have recurrent unprovoked seizures without detectable structural
lesion in the brain, and without showing any neurological abnormality between seizures.
For these individuals, no underlying cause could be identified, and they are said to have
an idiopathic epileptic syndrome (ILEA 1989; Engel 2001; Engel 2006). From the
beginning of the International Classification, the term idiopathic epilepsies has been used
for those in which “there is no underlying cause other than a possible hereditary
predisposition” (ILEA 1989; Engel 2001; Engel 2006). There is now increasing
evidence that in this latter group, genetic factors are playing an important role. The
overall aim of this Ph.D work is to identify additional genes conferring susceptibility to
epilepsy, by focusing on familial forms of idiopathic epilepsies, where the genetic

predisposition seems to be most striking.

Idiopathic generalized epilepsies and syndromes

According to the classification of epileptic syndromes proposed by the International
League Against Epilepsy (ILEA), individuals with idiopathic generalized epilepsies
(IGE) must present the following features : 1) occurrence of generalized seizures; 2)
normal interictal state, including normal neurological examination and normal brain
imaging; 3) an EEG showing normal background activity and generalized epileptic
discharges consisting in spikes, polyspikes, spike wave, and polyspike wave, usually at
the frequency of >3Hz. Based on these clinical criteria, a total of seven specific IGE
syndromes have been recognized by the ILEA. These syndromes differ mainly in the age

of onset, and are briefly described here.
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Benign neonatal familial convulsions (BNFC) is a rare form of epilepsy exhibiting
autosomal dominant inheritance, characterized by clonic or apneic seizures occurring in
the first three days of life. There are no specific EEG criteria. Psychomotor development
is normal, and 14% of these patients later develop epilepsy (ILEA 1989; Plouin and
Anderson 2002).

Benign neonatal convulsions (BNC) is a sporadic epilepsy syndrome presenting with
frequent clonic or apneic seizures usually occurring on the fifth day of life without known
etiology. EEG may show alternating sharp theta waves. As in BNFC, psychomotor
development is normal, but there is no recurrence of seizures later in life (ILEA 1989;
Plouin and Anderson 2002). Recent video-EEG recordings have shown that individuals
with either BNFC or BNC may also have partial seizures (Plouin and Anderson 2002).
Based on these findings, several authors questioned the inclusion of these latter
syndromes among the idiopathic generalized epilepsies (Engel 2001; Plouin and
Anderson 2002).

Benign myoclonic epilepsy in infancy (BMEI) is characterized by brief bursts of
generalized myoclonus that occur during the first or second year of life. Familial history
of epilepsy is common. EEG recordings show generalized spike-waves typically during
early stages of sleep. Generalized tonic-clonic seizures may occur during adolescence.
The intellectual development is usually normal (ILEA 1989).

Childhood absence epilepsy (CAE) occurs in children between the ages of 2 to‘8 years
old. It is more frequent in girls than in boys (approximately 2:1) and is characterized by
very frequent absence seizures (up to hundred episodes per day) of brief duration (5 to 20

seconds). EEG recordings show bilateral and synchronous generalized spike-and-wave
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epileptic discharges (GSW), usually at the frequency of 3Hz (ILEA 1989; Loiseau et al.

2002). Persistence of absences during adulthood is uncommon, but approximately 40%

of individuals with CAE eventually develop generalized tonic-clonic (GTC) seizures

during adolescence, that may persist into adult life (Loiseau et al. 2002). CAE represents
approximately 29% of all IGE (Desguerre et al. 1994; Roger et al. 1994).

In juvenile absence epilepsy (JAE), the absence seizures are the same as in CAE,
except for the age of onset which is between the ages of 8 to 16 years old. Seizure
frequency is generally lower than in CAE, and sex distribution is equal. Association with
GTC seizures is frequent, and these individuals may have myoclonic seizures (ILEA
1989; Wolf and Inoue 2002). EEG also shows GSW, often at a frequency of 3Hz or
faster. JAE represents approximately 11% of all IGE (Roger et al. 1994; Wolf and Inoue
2002).

Juvenile myoclonic epilepsy generally appears around puberty, but may start from age
of 8 to 20 years old. This syndrome is characterized by myoclonic jerks that predominate
in the arms. These myoclonic seizures are frequently associated with GTC seizures and,
less often, with infrequent absences. As for JAE, sex distribution is equal. The seizures
usually occur shortly after awakening and are often precipitated by sleep deprivation.
EEG shows rapid (>3,5 Hz), often irregular spike-and-wave and poly-spike-and-wave
discharges (ILEA 1989; Thomas et al. 2002). Frequently, the GSW discharges are
precipitated by photic light stimulation (photosensitivity) (Thomas et al. 2002). This
epilepsy generally needs long-term antiepileptic drug treatment. Indeed, withdrawal of
antiepileptic drugs is associated with seizure recurrence in up to 90% of cases (Delgado-

Escueta and Enrile-Bacsal 1984). JME is a common epileptic syndrome and represents
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between 5-10% of all the epilepsies, and aproximately 23% of all the IGE (Roger et al.
1994; Thomas et al. 2002).

Epilepsy with Grand Mal on awakening (EGMA) presents with GTC seizures
occurring exclusively or predominantly shortly after awakening. Absences or myoclonic
seizures may also occur. The EEG shows one of the IGE pattern described above (ILEA
1989; Wolf 2002). As for JME, this syndrome is frequently associated with
photosensitivity (Wolf 2002). EGMA represents aproximately 12% of all IGE (Roger et
al. 1994). Among individuals with idiopathic GTC seizures, approximately 33% have
GTC seizure on awakening (Wolf 2002).

Whereas BNC, BNFC and BMEI are rare epileptic syndromes, childhood absence
epilepsy (CAE), juvenile absence epilepsy (JAE), juvenile myoclonic epilepsy (JME),
and epilepsy with Grand Mal on awakening (EGMA) are common epilepsies. These
“classical” IGE syndromes represents between 25 to 30% of all the epilepsies (Desguerre
et al. 1994; Roger et al. 1994). However, in clinical practice, it is not always easy to
diagnose a definite IGE syndrome in a given individual. In particular, significant overlaps
exist between the classical IGE syndromes, especially those with onset during
adolescence (Andermann and Berkovic 2001; Engel 2001; Thomas et al. 2002; Engel
2006) (Figure 1). As an example, only the quantitative predominance of myoclonic jerks,
and the fact that GTC seizures are preceded by a volley of myoclonic jerks, will push the
diagnosis towards JME rather than EGMA (Thomas et al. 2002). Based on the ov¢rlaps in
the clinical manifestations among the classical IGE syndrome, several authors suggested
that these epilepsies may be part of a biological continuum, rather than discrete

diagnostic entities (Berkovic et al. 1987; Thomas et al. 2002; Wolf 2002). In chapters 2
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and 3 of this thesis, I will provide examples where mutation in the same gene is

associated with different clinical phenotypes, supporting the hypothesis of a biologic

continuum among generalized epilepsy syndromes.

Table 1. Idiopathic generalized epilepsy syndromes

¢ Benign neonatal familial convulsions

¢ Benign neonatal convulsions

¢ Benign myoclonic epilepsy in infancy

e Childhood absence epilepsy

e Juvenile absence epilepsy (pyknolepsy)

e Juvenile myoclonic epilepsy (impulsive petit mal)

e Epilepsy with grand mal seizures (GTCS) on awakening
o Other generalized idiopathic epilepsies

e FEpilepsies with seizures precipitated by specific modes of activation
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Figure 1. Overlap between classical idiopathic generalized epilepsy syndromes*

Age of onset 5 10 15

Myoclonic seizures

Absences
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*From Thomas, 2002

Idiopathic partial epilepsies and syndromes

In the original classification of the ILEA, only two idiopathic partial epilepsy
syndromes were recognized, which share many common clinical features (ILEA 1989).
Both syndromes are age-related, without demonstrable anatomic lesions, and are subject

to spontaneous remission. Affected individuals have neither neurological and intellectual
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deficit, nor a history of antecedent illness. The seizures are usually brief and rare. The
EEG is characterized by normal background activity and localized high-voltage repetitive
spikes, that are increased by sleep.

Benign childhood epilepsy with centrotemporal spikes (BECTS) is characterized by
simple partial, hemifacial motor seizures frequently associated with somatosensory
symptoms, which may evolve into GTC seizure, most of the time during sleep. The onset
is usually around 9 years, and remission invariably occurs before the age of 16 years.

The EEG is characterized by high-voltage centro-temporal spikes, activated by sleep,
which tend to spread or shift from one hemisphere to the other (ILEA 1989; Dalla
Bernardina et al. 2002).

Childhood epilepsy with occipital paroxyms (CEOP) is characterized by visual
symptoms, often followed by hemiclonic seizures. The seizures may be followed by
migrainous headache in 25% of the cases. The EEG is characterized by high-amplitude
spike-waves on the occipital and posterior temporal areas of one or both hemispheres
(ILEA 1989, Panayiotopoulos 2002).

In both BECTS and CEOP, familial history of epilepsy may be found (iLEA 1989;
Dalla Bernardina et al. 2002; Panayiotopoulos 2002). Overall, the pattern of inheritance
does not suggest Mendelian heredity. Also, although putative loci have been identified
for BECTS (Dalla Bernardina et al. 2002), specific genes predisposing to this epileptic

syndrome remain to be identified.

Table 2. Idiopathic partial epilepsy syndromes

e Benign childhood epilepsy with centrotemporal spikes

e Childhood epilepsy with occipital paroxysms

12
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Limitations and evolution of the current classification of epileptic syndromes
Classification of seizures and epileptic syndromes is useful in clinical practice,
allowing clinicians to determine a rational plan of investigation, making decisions on
when and how long to treat, choosing the appropriate antiepileptic drug, and conducting
scientific investigations that require delineation of clinical and EEG phenotypes,
including genetic studies (Pedley et al. 1995; Engel 2001). Whereas the classification of
epileptic seizures is generally well accepted, the classification of the epileptic syndromes
is more controversial, and remains a matter of debate (Pedley et al. 1995; Engel 1998,
Engel 2001; Wolf 2003; Engel 2006). Many authors pointed out that the current
classification scheme is empiric, with clinical and EEG data emphasized over anatomic,
pathologic or specific etiologic information (Pedley et al. 1995; Wolf 2003). On the
other hand, this imperfect classification reflects that only a minority of the epilepsies is so
far explained by a specific disease or defect. The classification is thus an ongoing
process, which continues to evolve. Among these changes, the appellation cryptogenic
epilepsies, previously used to design an epileptic syndrome caused by a yet unidentified
structural brlain lesion, will probably be abandoned (ILEA 1989; Engel 2001). Finally,
based on genetic studies of large kindred segregating specific clustering of epileptic
manifestations (see p. 37), additional idiopathic generalized and partial epilepsy
syndromes have been recently described (Table 3). These latter syndromes are
considered as potentially new categories in future ILEA classification (Engel 2001; Engel

2006).
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Table 3. Additional idiopathic epilepsy syndromes (in development)
e Generalized epilepsy with febrile seizures plus

¢ Autosomal dominant nocturnal frontal lobe epilepsy

o Familial temporal lobe epilepsy

o Famial partial epilepsy with variable foci

COGNITIVE IMPAIRMENTS AND LEARNING DISORDERS ASSOCIATED

WITH EPILEPSY

Epilepsy is thus considered to be either a primary disorder of the brain, or the
consequence of a wide variety of lesion, both in terms of etiology and localization.
Therefore, disturbance of these cortical networks could not only lead to the ictal
symptomatology, but also impair high-order cognition, learning processes, behaviour and
socialization. Neurological and psychiatric disorders associated with epilepsy have been
recognized long time ago by Hughling Jackson who wrote: “surely the conclusion is
irresistible, that ‘mental’ symptoms from diseases of the hemispheres are fundamentally
like hemiplegia, chorea, and convulsions, however specifically different. They must all
be due to lack, or disorderly development, of the sensorimotor processes” (Jackson
1887). Although the majority of authors agree on this concept, the exact mechanisms and
neural networks involved in cognition, learning and behavioural disturbance remain
largely unknown (Cassidy and Corbett 1997). In the case of epileptic individuals,
several, not mutually exclusive, mechanisms may underlie these disorders, including : 1)

genetic predisposition to a neurodevelopmental or psychiatric disorder, independent of

14
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the cause of the epileptic syndrome per se; 2) brain dysfunction induced by the specific

cause of the epileptic syndrome; 3) effects of the seizures themselves; 4) psychological

and social environment; 5) antiepileptic drugs and other drug therapy; 6) surgical

excision of the epileptic focus (Trimble 1987; Aldenkamp 1997; Cassidy and Corbett

1997; Mandelbaum and Burack 1997; Aldenkamp and Bodde 2005).

Cognitive impairment

A variety of cognitive impairments have been reported in epileptic individuals,
particularly in individuals with partial epilepsies intractable to medical treatment
(Trimble 1987; Aldenkamp 1997; Mandelbaum and Burack 1997; Aldenkamp and Bodde
2005). Most of the time, these impairments reflects the localization of the causative
lesions. In individuals with symptomatic epilepsy, the cognitive deficits may be
explained by the anatomical lesion alone (e.g. stroke, tumor). Surgical excision of the
epileptic focus within cerebral cortex is another obvious cause for cognitive deficits. By
definition, there is no identifiable anatomical lesion in idiopathic epilepsy (ILEA 1989).
However, we can conceive that either microscopic (e.g. cortical dysplasia) or ‘molecular’
lesions (e.g. mutated ion channel) causing idiopathic epilepsies, may also be the
substratum for impairment of brain function. Gene defects may thus theoretically cause
disturbance in neuronal excitability, neurotransmission or wiring, which may be
responsible for cognitive or behavioural disturbance. In addition, impaired metabolism of
the surrounding epileptic focus has been well documented in individuals with partial
epilepsy, with or without anatomical lesion (Engel et al. 1990; Newton et al. 1995).

Therefore, these two mechanisms - functional disturbance caused by the seizures
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themselves, and the underlying brain lesion - may lead to specific cognitive impairment

in idiopathic epilepsies. The semiology of cognitive deficits associated with various

regions of the brain (e.g. frontal, temporal, and parietal lobe syndromes) are well

chatacterized entities and will not be described here.

Mental retardation

In addition to specific cognitive impairment, epilepsy may be associated with
widespread dysfunction of the brain leading to globally impaired cognitive abilities. The
International Classification for the Disease (ICD-10) defined mental retardation as “a
condition of arrested or incomplete development of the mind that is characterized by
impairment of skills, manifested during the developmental period, that contribute to the
overall level of intelligence, i.e. cognitive, langage, and social abilities” (ICD-10 1992).
Mental retardation is found in up to 23% of epileptic individuals overall (Cassidy and
Corbett 1997), but this rate varies greatly according to the epilepsy syndrome
(Beaumanoir and Blume 2002; Dravet et al. 2002; Dulac and Tuxhorn 2002; Guerrini et
al. 2002). In turn, up to 31% of people with mental retardation are epileptic, and the
frequency of epilepsy increases with the severity of mental retardation (Cassidy and

Corbett 1997).

By definition, individuals with idiopathic generalized epilepsy have normal
intelligence. In contrast, mental retardation is observed in up to 90% of the individuals
with so-called secondary generalized epilepsy, such as infantile spasms and West
syndrome (Dulac and Tuxhorn 2002), Lennox-Gastaut syndrome (Beaumanoir and

Blume 2002), severe myoclonic epilepsy in infancy (Dravet et al. 2002), and myoclonic
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astatic epilepsy (Guerrini et al. 2002). In these individuals, cognitive impairment (as well
as the epileptic seizures) may reflect widespread brain damage associated with various
perinatal injuries or infections, neurodegenerative and metabolic disorders, cortical
dysplasia and neurocutaneous syndromes. However, in a significant proportion of
individuals with the same clinical syndromes, including mental retardation, the etiology
could not be identified (Beaumanoir and Blume 2002; Dravet et al. 2002; Dulac and
Tuxhorn 2002; Guerrini et al. 2002). These latter epilepsies are said to be cryprogenic in
the ILEA classification of epileptic syndromes, as they refer to a potentially ‘hidden’
cause, that could not be identified with the current diagnostic tools, including normal
brain imaging (ILEA 1989). Because familial history is rarely reported in these secondary
generalized epilepsy syndromes, genetic etiology has generally not been considered.
However, this observation is partly biased by the fact that virtually none of the
individuals with secondary generalized epilepsy syndromes will have children, because of
severely impaired cognition and social skills. Therefore, one could not exclude that
spontaneous mutations may be responsible for these epilepsies. Consistent with this
hypothesis, the concordance rate for secondary generalized epilepsies is high in identical

twins (up to 83%), and virtually absent (0%) in dizygotic twins (Berkovic et al. 1998).

A common feature in these secondary generalized epilepsy syndromes is the
occurrence of early-onset, frequent, severe, and intractable seizures. In addition, some
regression in the developmental milestones is often observed after the onset of the -
seizrures. These latter observations led to an abundant literature suggesting that cognitive
impairment and decline seen in these individuals may be caused by repetitive seizures,

which could in itself cause brain damage (Beaumanoir and Blume 2002; Dravet et al.
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2002; Dulac and Tuxhorn 2002; Guerrini et al. 2002), a phenomenon called epileptic
encephalopathy (Engel 2006). The addition of a heavy polymedication in order to

control the seizures may also contribute to cognitive impairments (Mandelbaum and

Burack 1997). In comparison to adult epileptics, the combined effects of seizures and the
anti-epileptic drugs on the cognitition may be even more critical in the developing brain.

Again, an alternative hypothesis would be that secondary generalized epilepsy syndromes

may be caused by mutations in genes that may lead to a more striking phenotype,

including severe epileptic seizures and impaired cognition.

Neurodevelopmental disorders

At least two other groups of neurodevelopmental disorders have been associated with
epilepsy: (1) autism-spectrum disorder, which may be associated with malignant forms of
epilepsy, such as infantile spasms (Dulac and Tuxhorn 2002), Lennox-Gastaut syndrome
(Beaumanoir and Blume 2002), and severe myoclonic epilepsy in infancy (Dravet et al.
2002). In addition, epileptic seizures may be observed in up to one third of autistic
individuals, and all types of seizures can be seen in these individuals (Olsson et al. 1988;
Rapin 1997);
(2) language disorders, including developmental dyslexia are more commonly seen in
epileptic individuals (Schachter et al. 1993). Also, Landau-Kleffner is a rare epileptic
syndrome characterized by severe temporal lobe epilepsy, rapidly progressive acquired
aphasia, and autistic features (Landau and Kleffner 1957; Smith 1997). Although a
genetic predisposition have been consistently observed in language disorders and autism
(Rapin 1997; Fisher and DeFries 2002), the specific genes underlying these disorders

largely remain to be identified. Moreover, the biological mechanisms and neural
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networks involved in autism and language disorders remain so far elusive (Habib 2000;

Ramus 2001).

BASIC MECHANISMS UNDERLYING PARTIAL EPILEPSIES

Animal model versus Human studies

Because of the heterogeneity of the epileptic syndromes, one can expect that a variety
of cellular and molecular mechanisms will be implicated in the pathogenesis of epilepsy
in Humans. The neurobiology of epilepsy has been a matter of considerable research
activity over the past decades, giving rise to an extensive literature on this topic. A
comprehensive review of these data is thus beyond the purpose of this thesis. We will
rather present an overview of the prevailing hypothesis regarding the pathophysiology of
the various forms of epilepsy. We will mainly emphasize animal models relevant to
human phenotypes, and highlight the established molecular mechanisms that could be
relevant in the search for genes predisposing to the disease. Overall, these data on the
neurobiology of epilepsy are based on:

1) Human studies, including empirical response to the various antiepileptic drugs, in
vivo imaging, neuropathological examination, as well as electrophysiological and

biochemical studies of human brain tissue excised from epileptic individuals;

2) Animal models which, in principle, are mimicking various forms of epilepsy.
Selected models for the disease, their relevance to human epilepsy, the mechanisms
underlying the epileptogenesis processes, as well as those underlying the hyperexcitable

state will be presented briefly.
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Before reviewing these data, one needs to differentiate between the cellular and
molecular changes associated with the seizures themselves, from the basic mechanisms
leading to the genetic or acquired forms of epilepsy. Indeed, most of these anatomical
and physiological modifications documented in the epileptic brain probably reflect the
consequence of the seizures, rather than the cause. With these respects, virtually nothing
is known on the epileptogenesis process itself, nor on the primary cause of the common
epilepsy syndromes (Dichter 1997). Finally, whereas animal models for temporal lobe
epilepsy have been the subject of many studies, very little is known on the

pathophysiology of other focal epilepsies.

Animal models for temporal lobe epilepsy

Temporal lobe epilepsy is the most common form of partial epilepsy in Humans, and
is often associated with neuronal loss and gliosis in specific regions of the hippocampus,
including the end-folium of dentate gyrus (granule cells), CA3 and, to a lesser extent,
CAl region (Du et al. 1993; Gloor 1997). The pathophysiological mechanisms
underlying this typical neuropathological lesion called hippocampal sclerosis in Humans
remain largely unknown. However, hippocampal sclerosis is more likely to occur in
individuals who presented status epilepticus or prolonge_d febrile seizures in early
childhood (Jackson et al. 1998; Lewis 1999; Scott et al. 2003). At least three models of
temporal lobe epilepsy reproduce hippocampal sclerosis and clinical seizures similar to
human disease (Avanzini and al. 1997), including:

1) Kindling model: daily stimulation of amygdala in rats could result in the

progressive development of convulsive seizures, a phenomenon called kindling (Goddard
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1967; Goddard et al. 1969). In the first days of this experiment, the initial subconvulsive
electrical stimulus only causes a brief after discharge at the tip of the electrode, without
clinical seizure. In contrast, the same stimulus applied over the subsequent days
progressively increase the length of these after discharges, which ultimately results in
intense partial and secondary generalized seizure. Subsequent studies from Goddard’s
group hightlighted the progressive and permanent nature of kindling (McNamara and
Wada 1997).

2) systemic injection of kainic acid, which could be either intravenous, intraperitoneal,
or intracerebral (Lothman et al. 1981; Turski et al. 1990). This glutamate analog induces
severe and prolonged seizure in rats and mice. After a latent period of approximately 30
days, the animal exhibit spontaneous temporal lobe seizures. Kainic acid-induced
seizures are triggered by the activation of excitatory amino acid receptors.

3) systemic injection of pilocarpine, a cholinergic agent, which also induces a status
epilepticus in rats (Cavalheiro et al. 1991). These animals develop spontaneous recurrent
seizures after a latent period of 15 days. The administration of pilocarpine and other
cholinergic agents have been shown to block the transmembrane current Iy, which
facilitate burst discharges in hippocampal pyramidal (Benardo and Prince 1982).

Interestingly, in addition to the striking neuronal loss in the hippocampus, these three
models (kindling, kainic acid, and pilocarpine) exhibit a cascade of events that is
reminiscent of classical temporal lobe epilepsy in Humans: an initial brain injury |
associated with prolonged seizure, followed by a latent period, and eventually recurrent

spontaneous seizure. However, the mechanisms underlying the transition from a hyper-
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excitable state of the brain to spontaneous seizures (epileptogenesis) remains a matter of
debate. In these respects, the prevailing, not mutually exclusive, hypotheses are:

1) alteration in the fundamental excitability of neurons: abnormal excitability has
been identified in neurons in multiple sites of the kindled brain, including dentate granule
cells, CA3 and CA1 pyramidal cells of the hippocampus, pyramidal neurons of the
pyriform cortex, and neurons in the basolateral nucleus of amygdala (Knowles et al.
1992; Avoli et al. 2005). In particular, neocortical neurons recorded from both rodents
and human epileptic brains are characterized by subthreshold responses. These abnonﬁal
properties would reflect the presence of fast and persistent Na+ currents, as well as K+
outward currents including a muscarine-sensitive K+ current and a hyperpolarization-
activated inward conductance (Halliwell 1986; Lorenzon and Foehring 1992;
Vreugdenhil et al. 2004).

2) development of novel and aberrant synaptic circuitry: sprouting of the mossy fiber
axons of the dentate granule cells of hippocampus has been found in various animal
models of temporal lobe epilepsy (Nadler et al. 1980; Sutula et al. 1988), and is
associated with immediate early genes expression of neurotrophins and their receptors
(Gall and Isackson 1989; Ernfors et al. 1991). It has been shown that these abnormal
projections form recurrent excitatory synapses upon themselves or their neighbors, and
contribute to the hyperexcitable state of the kindled brain. Sloviter proposed an
alternative mechanism by showing a striking loss of the hilar mossy cell in the
hippocampus. These neurons normally excite GABA-containing basket interneurons, and
mediate feedback inhibition. Therefore, following the loss of these mossy cells, the

basket cells are said to become ‘dormant’ as they become tonically less active, and lose
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their abilities to decrease granule cell excitability (Sloviter 1991; Sloviter 1994). Finally,
loss of GABAergic interneurons possibly contribute to reduced inhibition in the
hippocampus of individuals with mesial TLE (Houser et al. 1990);
3) change in synaptic efficacy of pre-exisiting connections: an alternative hypothesis is
that the hyperexcitability of the kindled brain is due to enhance function of a
subpopulation of glutamatergic synapses using N-methyl-d-aspartate (NMDA) receptors
(McNamara and Wada 1997). Increased sensitivity of CA3 pyramidal cells to NMDA-
evoked depolarisation has been shown in kindled animals (Martin 1991). Modified
function or an increase in the number of NMDA receptors may contribute to these altered

synaptic properties (Yeh et al. 1989; Kraus et al. 1994).

Temporal lobe epilepsy: insights from human studies

Overall, most of the mechanistic studies of animal models with partial epilepsy
revealed structural and functional modifications similar to what is found in brain tissue
excised from epileptic individuals (Avoli et al. 2005). In general, these data correlate
well with the mechanism of action of specific anti-epileptic drugs, which may act on
sodium channels (phenytoin, carbamazepine, lamotrigine, topiramate), potassium
channels (retigabine), GABAergic (benzodiazepine, phenobarbital) and glutamatergic
(topiramate) receptors, GABA metabolism (vigabatrin, leviracetam), as well as in the
release of excitatory amino acids (gabapentin, lamotrigine) (Kwan et al. 2001). Recently,
Becker et al analysed gene expression profiles in hippocampus of human operated for
MTLE, and compared with rats with temporal lobe epilepsy induced by pilocarpine.

These authors found overexpression of genes involved in cell-matrix interactions, cell
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growth and differentiation, neuronal signalling, and transcriptional regulation (Becker et

al. 2003).

BASIC MECHANISMS UNDERLYING GENERALIZED EPILEPSIES

Finding the generator for generalized spike-wave discharges

Compared to partial epilepsy, the investigation of basic mechanisms underlying
generalized seizure is a challenging problem. Indeed, seizures in partial epilepsy could
be localized in the brain, and may be associated with anatomical changes. In contrast,
generalized seizures appear to start from diffuse and bilateral areas in the brain, and are
not associated with detectable changes in the brain structure (Dichter 1997). Based on

both animal models and human studies, four main theories have been proposed:

1) the centrencephalic theory: Jasper and Kershman first proposed that generalized
spike-and-wave discharges (GSW), the typical electroencephalographic (EEG) feature of
IGE, originate from the subcortical structures (Jasper and Kershmann 1941). This
hypothesis was based on two observations: abrupt onset and termination of GSW found
simultaneously in both hemispheres, and high interhemispheric synchronization of the
GSW discharges. These investigators later demonstrated that stimulation of intralaminar

nuclei of the thalamus in cats produce bilaterally synchronous SWD on EEG recordings;

2) the cortical theory: the centrencephalic theory was later challenged, when Benett
and Gloor showed that injection of a pro-convulsive drug (pentylenetetrazol) in the

carotid artery (supplying the cerebral cortex) may produce GSW in patients with absence
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seizures, whereas injection of the same drug in the verterbral artery (supplying the

thalamus and brainstem) failed to do so (Bennett 1953; Gloor 1968);

3) the cortico-reticular theory: by usi.ng the feline penicilline generalized epilepsy
model, Gloor reproduce SWD by diffuse application of penicilline onto the cortex,
whereas injection of the same drug in the thalamus failed to do so (Gloor 1968).
However, the integrity of the thalamocortical projections in this model appears to be
essential in order to generate the SWD. Phase-locked firing started a few cycles earlier in
the cortex than in the thalamus. Overall these data give rise to the corticoreticular
theory, suggesting that the cortex first initiates the paroxysmal oscillations of the SWD

burst and secondarily entrains the thalamus (Meeren et al. 2005);

4) the cortical focus theory: Meeren et al used field potentials to record
simultaneously multiple cortical and thalamic sites in a rat strain (WAG/Rij) with genetic
predisposition to absence seizures and GSW. By using this technique, they found that
GSW discharges originate form the perioral region of the somatosensory cortex, spread to
other cortical areas, and eventually to the thalamic nuclei (Meeren et al. 2002).
According to these results, a ‘cortical’ focus is playing a leading role in the generation of
GSW. This initial discharge propagates through cortico-cortical netrworks, before
initiating the paroxysmal oscillation within the corticothalamic loops (Meeren et al.

2005).

More recently, Gotman and collaborators used a combination of EEG and functional
MRI (fMRI) [blood oxygenation level-dependent (BOLD) effect] in order to study the

haemodynamic response during GSW in humans. These authors found that, during GSW
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activity fMRI changes, either in the form of activation (increased BOLD) or deactivation
(decreased BOLD), occurred symmetrically in the cortex of both hemispheres

(Aghakhani et al. 2004). Bilateral thalamic changes were also found in the majority of the
patients from this study thereby confirming, in a group of human patients, fhe evidence of

thalamic involvement seen in animal models for the generation of GSW.

Molecular basis for generalized spike-wave discharges

Whether the original SWD originate from the cortex or the thalamus, it is clear from
these studies that the integrity of both cortical and thalamic structures is needed in order
to propagate and maintain SWD. Thalamic neurons have the unique ability to shift
between the oscillatory and tonic firing mode. The alert behavioural state is
characterized by a desynchronized EEG pattern, which is associated with tonic firing of
thalamocortical neurons. Conversely, when the firing patterns of these neurons shift to an
oscillatory, rhythmic, burst firing mode, signal transmission to the cortex is dampened,
and consciousness is depressed (Steriade et al. 1990; Steriade et al. 1993; Snead 1995).
This oscillatory neuronal behaviour is an intrinsic ability of neurons whithin the nucleus
reticularis thalami (NRT), which is composed of GABAergic neurons that project heavily
to thalamic relay nuclei (Snead 1995). The cellular events underlying the ability of NRT
neurons to shift between an oscillary and firing mode is the calcium low-threshold spike,
which is triggered by GABAg-mediated late inhibitory postsynaptic potentials (IPSPs)
(von Krosigk et al. 1993). This finding is consistent with the observation that the most
effective drugs against absence seizures (ethosuximide, benzodiazepine, and valproic
acid) exert their effect directly or indirectly on the T-type calcium current within the

thalamus (Snead 1995). Finally, cholinergic, dopani‘inergic, and noradrenergic
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projections to cerebral cortex and thalamus may also modulate the GSW discharges

(Snead 1995).

GENETIC MODELS OF EPILEPSY

In addition to epilepsy induced by administration of pro-convulsive drugs or by
electrical stimulation of the brain, spontaneous epilepsy can also be observed in a variety
of animal models. More specifically, an increasing number of genes have been identified
in spontaneous mouse mutants (Table 4). Mutaﬁons in these genes have been associated
with a variety of phenotypes, and may be associated with additional neurological
manifestations, such as abnormal gait, movement, and posture (Noebels et al. 1997,
Meisler et al. 2001; Noebels 2003). In particular, missense and nonsense mutations in
four of the 24 voltage-gated Ca2+ channel subunit genes (ala, 4, a2, y2) have been
associated with epilepsy and spike-wave discharges in mouse. Interestingly, mutations in
two of these genes (CACNB4, CACNA 1A) have also been associated with idiopathic
generalized epilepsy in Humans (Escayg et al. 2000a; Chioza et al. 2001; Jouvenceau et
al. 2001). Whereas other epilepsy genes found in mice could be responsible for human
epilepsies remain to be determined. However, truncation of MASS1, a gene encoding for
a membrane protein, was found in the Frings mouse model, which is characterized by
seizures induced by loud noises (audiogenic) (Skradski et al. 2001). This gene may be
functionally related to LGI/ gene, which is mutated in autosomal dominant partial
epilepsy with auditory features (ADPEAF) in humans (see p. 41). Finally, stargazer
mice exhibit absence epilepsy, associated with spike-and-waves discharges and ataxia,
which is caused by mutation in stargazin, a transmembrane protein that regulates AMPA

receptors trafficking and gating (Nicoll et al. 2006). |
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Table 4. Spontaneous mutations associated with epilepsy in mice

~Symbol Gene Chr Protein Other Phenotypes
‘1) Ion channels and membrane excitability
Cacnala* 8 calcium channel, a1 A subunit
Cacna2d2 9 calcium channel, a2/82 subunit growth/size, reproductive,
lethality/postnatal
Cacnb4* 2 calcium channel, B4 subunit muscle
Cacng2 15 calcium channel, y2 subunit growth/size, reproductive
Kcnal* 6 potassium channel, shaker-related growth/size, vision/eye
subfamily, member 1
Sic9al 4 solute carrier family 9 lethality/postnatal, life
(sodium/hydrogen exchanger) span/aging, growth/size,
behavior, nervous system
Szt 2 genomic deletion (Keng2, Chrnad, Arfgapl) growth/size
Gpr98 13 G protein-coupled receptor 98 (Mass1) hearing/vestibular/ear,
Atrn 2 attractin pigmentation, nervous

system, growth/size,
adipose, behavior,
skin/coat/nails, muscle
Pldn 2 pallidin life span/aging,
pigmentation, respiratory,
homeostasis, renal/urinary,
hearing/vestibular/ear,
hematopoietic, immune

*gene associated with epilepsy in Humans

Source: http://www.informatics.jax.org/

In addition to spontaneous genetic models, epilepsy phenotype has been documented
in mice following targeted mutagenesis, either incidentally or because of the implication
of specific gene in human epilepsy. So far, more than 111 genes disrupted in mice
(knock-out) have been associated with epilepsy phenotype. Disrupted genes associated
with a phenotype close to idiopathic epilepsy are listed in Table 5. Overall, these genes
can be divided into three functional categories, including: 1) ion channel and membrane
excitability; 2) synaptic signalling; and 3) other mechanisms (e.g. neuronal plasticity,

metabolism, network development). Again, some of these disrupted genes associated
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with epilepsy phenotype in mouse may also cause epilepsy in Humans. Therefore, the

identification of epilepsy genes, either in spontaneous or in transgenic mouse models,

may accelerate the identification of genes causing epilepsies in Humans (Noebels 2003).

Table S. Disrupted genes (knock-out) associated with epilepsy in mice

Symbol Gene

Chr

Protein

Other phenotypes

Cacna2d2

Kcnal*
Kcna4
Kcnab2

Kcenel
Kene2
Kene3
Kcnj6
Kenj9
Kenk2
Kcnmb4
Keng2*
Scnla*
Scnlb*

Scn2b
Slcl12a$

Slcl3al
Slcla2
Slcla3
Slc2al
Slc4a3

Gjal2
Gjbl

1) Ion channels and membrane excitability . .

9

LR o A=)

[=}

[,

O

NN R e =

calcium channel, a2/82 subunit

potassium channel, shaker subfamily, member 1
potassium channel, shaker subfamily, member 4

potassium channel, shaker subfamily, B member 2

Potassium channel, Shaw subfamily, member 1
potassium channel, Shaw subfamily, member 2
potassium channel, Shaw subfamily, member 3
potassium channel, subfamily J, member 6
potassium channel, subfamily J, member 9
potassium channel, subfamily K, member 2
potassium channel, subfamily M, B member 4
potassium channel, subfamily Q, member 2
sodium channel type I, o subunit

sodium channel type I, B subunit

sodium channel type II, B subunit
solute carrier family 12, member 5

solute carrier family 13 (sodium/sulphate
symporters), member |

solute carrier family 1 (glutamate transporter),
member 2

solute carrier family 1 (glutamate transporter),
member 3

solute carrier family 2 (glucose transporter),
member |

solute carrier family 4 (anion exchanger), member

3
gap junction membrane channel protein, o.12
gap junction membrane channel protein, B1

life spah)aging,

cardiovascular, growth/size,
homeostasis, immune,
muscle, respiratory,
hematopoietic

life span/aging

life span/aging,
homeostasis
muscle

muscle

muscle

life span/aging
life span/aging
life span/aging

lethality/postnatal
lethality/postnatal,
growth/size, vision/eye

lethality/postnatal,
growth/size

growth/size, homeostasis,
renal/urinary, reproductive
life span/aging, growth/size

hearing/vestibular/ear

life span/aging, vision/eye
life span/aging, vision/eye

*gene associated with epilepsy in Humans
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Table 5. Disrupted genes (knock-out) associated with epilepsy in mice (continued)

Symbol Gene Chr  Protein Other phenotypes

Adam22 ‘ disintegrin and rﬁctal.l‘opcptldasc\domam 22 “lct‘hality/postnatal,

growth/size

Chrna4* cholinergic receptor, nicotinic, o4 subunit

Chrna3s cholinergic receptor, nicotinic, a5 subunit

Chrna7 cholinergic receptor, nicotinic, a7 subunit immune

Chrnb4 cholinergic receptor, nicotinic, 34 subunit _

Gabbrl gamma-aminobutyric acid (GABA-B) receptor, 1  homeostasis,
touch/vibrissae

Gabbr2 4 gamma-aminobutyric acid (GABA) B receptor 2 homeostasis,
touch/vibrissae

Gabrb3 7 gamma-aminobutyric acid (GABA-A) receptor, lethality/embryonic-

B3 subunit perinatal, craniofacial,

growth/size, digestive

Gria2 3 glutamate receptor, ionotropic, AMPA2 («2) lethality/postnatal,
growth/size

Griad 9 glutamate receptor, ionotropic, AMPA4 (a4) touch/vibrissae

Grik2 10 glutamate receptor, ionotropic, kainate 2 (B2) growth/size

Grin2a 16 glutamate receptor, ionotropic, NMDA2A (g1)

Grm7 6 glutamate receptor, metabotropic 7

Htrla 13 5-hydroxytryptamine receptor 1A

Htr2c X 5-hydroxytryptamine receptor 2C life span/aging,
growth/size, adipose

Htr4 18 5 hydroxytryptamine receptor 4 lethality/embryonic-
perinatal

Ap3b2 7 adaptor-related protein complex 3, $2 subunit

Ap3m2 8 adaptor-related protein complex 3, p2 subunit

Sv2a 3 synaptic vesicle glycoprotein 2a lethality/postnatal,
growth/size

Sv2b 7 synaptic vesicle glycoprotein 2b lethality/postnatal

Synl* X synapsin |

Syn2 6 synapsin II

Synj1 16 synaptojanin 1 lethality/postnatal,
growth/size

*gene associated with epilepsy in Humans
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Table S. Disrupted genes (knock-out) associated with epilepsy in mice (continued)

Symbol Gene Chr  Protein Other phenotypes
_4) Other mechanisms L e s :

Adarbl 10 adenosine deaminase, RNA-specific lethality/postnatal

Amph 13 amphiphysin life span/aging

Ank3 10 ankyrin 3, epithelial life span/aging

Ckb 12 creatine kinase, brain

Cnrl 4 cannabinoid receptor 1 (brain) life span/aging

Cntn2 1 contactin 2

Cplx] 5 complexin 1 life span/aging,
reproductive

Dgke 11 diacylglycerol kinase, epsilon

Fosb 7 - FBJ osteosarcoma oncogene B

Fyn 10 Fyn proto-oncogene life span/aging

Fzd9 S frizzled homolog 9 (Drosophila)

Gad2 2 glutamic acid decarboxylase 2 life span/aging

Gad2 2 glutamic acid decarboxylase 2 life span/aging, digestive,
endocrine, growth/size,
immune

Gpr98 13 G protein-coupled receptor 98 life span/aging

Mt3 8 metallothionein 3

Nidl 13 nidogen 1

Plcll 1 phospholipase C-like 1 life span/aging

Uncl3b 4 unc-13 homolog B (C. elegans)

Usf2 7 upstream transcription factor 2 growth/size

Source: http://www.informatics.jax.org/

EVIDENCE FOR A GENETIC ETIOLOGY TO EPILEPSY IN HUMANS

At least three lines of evidence suggest a genetic component to idiopathic epilepsies in

Humans, including: 1) consistent observation of an increased risk for epilepsy in relatives

and offspring of proband with various epileptic syndromes; 2) higher concordance rate

for epilepsy in monozygotic twins compared to dizygotic twins, and 3) successful

mapping and cloning of genes causing rare Mendelian forms of idiopathic partial and

generalized epilepsies, also called mornogenic epilepsies. This latter issue will be

discussed in a separate section (see p. 37).
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Familial aggregation studies

Lennox (1951) first observed that generalized spike and waves discharges (GSW), the
classical EEG pattern associated with IGE, aggregates in families (Lennox 1951; Pedley
1997). Following this original finding, familial aggregation studies consistently showed a
threefold increased risk of epilepsy (~3%) in siblings of probands with idiopathic or
cryptogenic epilepsy, compared to the general population (Annegers et al. 1982; Hauser
1997, Jain et al. 1997). In contrast, symptomatic epilepsies do not increase this risk. A
higher risk (6 to 8%) is observed for individuals with idiopathic generalized epilepsy
associated with typical GSW. In addition, the occurrence of GSW in another member of
the family (parent or sib) further increases the risk in the sibling, respectively to 12 and
15%. Finally, analyses of epileptic individuals’ offspring have shown a higher risk in
offspring from parents with absences seizures (9%) than those with other generalized
(2.3%) or partial seizures (2.7%) (Hauser 1997).

The risk of febrile seizure (FS) is also increased in siblings of proband with FS (6-
10%) compared to the general population (2-3%) (Hauser et al. 1985). The sibling’s FS
risk rises to 22% when one parent of the proband is affected and to 56% when both
parents have FS. Finally, the occurrence of febrile seizure associated with epilepsy in the

proband significantly increase the risk for epilepsy in siblings (6%) (Hauser 1997).

Twin studies
Several studies of epilepsy in twins have consistently shown a higher concordance rate
for the disease in monozygotic (MZ) pairs compared with dizygotic (DZ) pairs, providing

additional support for a significant genetic component to the common epilepsies (Inouye
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1960; Marshall et al. 1962; Schiottz-Christensen 1972; Corey et al. 1991; Sillanpaa et al.
1991). However, the concordance rate was highly variable from one study to the other.
A higher concordance rate in identical twins has been observed from referred or hospital
series compared to community-based studies (Berkovic et al. 1998). The difference in
the study designs may have introduced an ascertainment bias, since twin pairs with both
affected individuals are more likely to be referred to the investigator. In addition, the
difference in the genetic contribution between the various epileptic syndromes could not
be appreciated from these earlier twin studies, because they have been performed before
the contemporary classification of the epileptic seizures and syndromes.

In a study of epilepsy in a twin cohort from Australia, Berkovic et al addressed both
the issue of population based versus referred twin series, by using contemporary
classifications of epilepsy syndromes (Berkovic et al. 1998). These authors observed a
high rate of false positive diagnosis for epilepsy in the register sample, suggesting that
community-based studies based on self-reports may be unreliable. In addition, referred
twins have an excess of severe cases and exhibit higher concordance rate (MZ = 0.61; DZ
= (.15) compared to registered twins (MZ = 0.34; DZ = 0.07), confirming the existence
of ascertainment bias when using a referred twin population. Consistent with the
observation made from familial aggregations studies, the casewise concordances for
idiopathic generalized epilepsies (MZ = 0.76; DZ = 0.33) were greater than those for
partial epilepsies (MZ = 0.36; DZ = 0.05), with intermediate values for febrile seizures
(MZ =0.58; DZ = 0.14). These data further support that idiopathic generalized epilepsies
has an important inherited component. In turn, the heritable component in the partial

epilepsies is smaller than in IGE, suggesting that acquired factors are playing a greater
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role in these epileptic syndromes. Interestingly, in 94% of concordant MZ pairs, affected

twins exhibit the same epilepsy syndrome, suggesting the existence of syndrome-specific
genetic determinants rather than a broad genetic predisposition to seizures (Berkovic et

al. 1998). More recently, a reappraisal of Lennox’s series of twin pairs using modern
classification of epileptic syndromes led to the same conclusions than the Australian

series (Vadlamudi et al. 2004).

Complex inheritance patterns in idiopathic epilepsies

Both familial aggregation and twin studies are strongly suggestive of a genetic
component in epilepsy. However, we have to keep in mind that twin pairs and family
relatives not only share genes, but also many predisposing factors from the environment,
as well as behavioural practices (Ottman 1997). To my knowledge, neither familial
aggregation nor twin studies studies in epilepsy have so far controlled for these shared
environmental factors. In turn, numerous environmental factors have been implicated as
risk factors or precipitants for seizure disorders including stress and mood disorders,
sleep deprivation, alcohol and drug consumption, head trauma, and stroke (Hauser 1997,
Loiseau 1997). It is thus possible that some environmental factors contribute to the
observed familial aggregation and high concordance rates observed in twins.

In rare families, autosomal dominant inheritance of epilepsy and/or febrile seizures
occurs (see p. 37). However, clinical observations indicate that, in the vast majority of
the families, a single-gene mode of inheritance is implausible, and complex inheritance
involving two or more genes is most likely (Rich et al. 1987; ILAE 1993; Marini et al.

2004). These clinical observations are further supported by genetic epidemiology studies
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(Annegers et al. 1982; Hauser 1997; Jain et al. 1997, Berkovic et al. 1998). Indeed, the
relative risk of being affected for a relative of an individual with IGE (AR) is almost 100
for monozygotic twins (Av), 7.5 for sibs (As), and 1.5 for nieces/nephews (An). For
idiopathic and cryptogenic partial epilepsy, the relative risk of being affected for a
relative (Ar) is 55 for monozygotic twins (Aym), 3.5 for sibs (As), and 1.5 for
nieces/nephews (An). Such a rapid decrease in the Ag with each degree of relationship
suggests a multiplicative (epistatic) interaction among many contributing loci for
idiopathic generalized and partial epilepsy (Risch 1990; Zara et al. 1995). However,
these epidemiological studies probably represent a crude approximation of a very
complex reality. Indeed, these studies lumped all the generalized or partial epilepsy
syndromes together, even though they have been shown to be clinically, and genetically
highly heterogeneous. In addition, the A is probably underestimated in the majority of
these studies because of the difficulties inherent to the assessment of epilepsy phenotype,

in both the proband and their relatives.

Difficulties inherent to the study of genetic epilepsies in humans

So far, genes underlying monogenic epilepsies have been mapped (and eventually
cloned) by using conventional linkage methods. This is a robust, powerful and well
established method that allowed the identification of many genes causing different
diseases in Humans (Eaves et al. 2000). In order to achieve sufficient power of analysis,
the critical step in this experimental approach is the identification of large kindreds with
many affected individuals, for which a clear mode of inheritance can be established (e.g.

autosomal dominant, recessive, X-linked). However, the identification and clinical
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characterization of such families is not an easy task. Indeed, several difficulties inherent
to the study of epilepsy have impeded progress in the identification genes predisposing to
the disease (Ottman 1997), including:

(1) epilepsy is a highly heterogeneous disease, and a wide range of clinical
manifestations within the same family is often observed (Scheffer and Berkovic 1997;
Xiong et al. 1999; Picard et al. 2000). Therefore, the a priori definition of a phenotype
caused by a specific group of genes remains a challenge;

(2) epilepsy is not an ‘all-or-none’ phenomenon, and the investigators eventually have
to determine who will be considered as affected among the family members exhibiting
intermediate phenotypes, such as single seizure, febrile seizure, or isolated
electroencephalographic (EEG) abnormalities (Scheffer and Berkovic 1997; Greenberg et
al. 2000);

(3) both clinical and EEG manifestations may vary according to the age of the
individual (e.g. age-dependant penetrance of generalized spike-and-waves) (Metrakos
and Metrakos 1961), thereby limiting the time window in which the investigator can
directly assess the clinical syndrome;

(4) because of this wide range of clinical manifestations, definitions for the disease are
often ambiguous and varied from one investigator to the other;

(5) the cornerstone in the diagnosis of epilepsy is a careful medical history. In
practice, this evaluation is not always possible in all affected members of the family.
Information on these relatives is often obtained indirectly, by interviewing the proband or

its parents, which can be misleading;
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(6) especially in older generations of the family, social issues may contribute to an
underestimation of affected individuals within a family, including various stigmas and
misconceptions about the origin of the disease, and guilty of “passing on” a disorder;

(7) even with a systematic survey of all affected individuals within a family, the
penetrance of many familial epilepsies remain consistently low (Scheffer and Berkovic
1997; Xiong et al. 1999; Picard et al. 2000);

(8) both underreported cases and a reduced penetrance within families make difficult
the identification of large pedigrees with many affected individuals;

(9) overall, the prevalence of epilepsy is relatively high in the general population
(1%), and could be even higher in intermediate phenotypes, such as febrile seizures (5%),
and photoconvulsive response (8%) (Eeg-Olofsson et al. 1971; Doose and Gerken 1973).
Such a high phenocopy rate may introduce a significant risk of a false negative linkage;

Because of all these potential difficulties, the identification of genes underlying
monogenic epilepsies in Humans is challenging. While many of these caveats are
inherent to problems in the clinical assessment of the disease, many other difficulties are

probably related to the complexity of the underlying biological mechanisms.

MONOGENIC EPILEPSIES IN HUMANS

Despite these above mentioned difficulties, the identification of large families
segretating epilepsy as a Mendelian trait allowed the successful mapping and eventually
led to the identification of mutations in several genes for the disease. One of the critical
steps in the identification of epilepsy genes was the recognition of specific inherited
epileptic syndromes. These successful examples are presented in Table 7. Additional

putative loci for epilepsy genes can be found in Table 6.
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Monogenic generalized epilepsies

Benign neonatal familial convulsions

Rett and Teubel reported in 1964 the first family with benign neonatal familial
convulsion syndrome (BNFC), an autosomal dominant syndrome subsequently
recognized by several independent authors (Rett and Teubel 1964; Plouin and Anderson
2002) and acknowledged in the International Classification of the Epilepsies (ILEA).
Clinical manifestations of BNFC were described in p. 7. Historically, BNFC was the first
epilepsy for which a gene could be localized, and mutations in KCNQ2 and KCNQ3,
encoding for two different subunits of the same potassium channel, have been asscociated

with the disease (Biervert et al. 1998; Charlier et al. 1998; Singh et al. 1998).

Idiopathic generalized epilepsy with febrile seizures

More recently, Scheffer et al identified a hitherfo unrecognized idiopathic generalized
epilepsy syndrome following single gene inheritance, named generalized epilepsy with
febrile seizures plus (GEFS+) (Scheffer and Berkovic 1997). In these families, the most
common clinical manifestation was febrile seizure. However, unlike typical febrile
seizures (FS), attacks with fever may continue beyond six years of age and were called
febrile seizure plus (FS+). In most affected individuals, FS or FS+ were eventually
followed by afebrile seizures, including absences, myoclonic, and atonic seizures. The
most severely affected individuals have myoclonic-astatic epilepsy associated with
mental retardation. In these GEFS+ families, the pattern of inheritance was autosomal
dominant, and the large variation in generalized epilepsy phenotypes was not explained
by acquired factors. Recognition of this syndrome allowed the identification of at least

three genes for GEFS+: the B1 and o1 subunits of the neuronal voltage gated sodium
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channel (SCNI1B, SCN14) (Wallace et al. 1998; Escayg et al. 2000b) and the y2 subunit of
GABA, receptor (GABRG?2) (Baulac et al. 2001; Wallace et al. 2001a). However, the
mechanism by which these mutations in SCNI4 lead to spontaneous and uncontrolled
discharges of neuronal cells remains to be determined. In chapter 2 of this thesis, the
identification of a new D188V mutation in SCNIA in the original family with GEFS
described by Scheffer et al, which has been previously mapped to chromosome 2q23-24
(Lopes-Cendes et al. 2000), will be presented. The fynctional consequence of this

mutation on sodium channel currents recorded in vitro will also be described.

Autosomal dominant idiopathic generalized epilepsy

Rare families segregating classical idiopathic generalized epilepsy syndromes have
been recently described. Mutations in the voltage-gated chloride channel type 2 (CLCN2)
were associated with CAE, JAE, JME, and EGMA (Haug et al. 2003), whereas mutations
in EFHC were found in families with classical JIME (Suzuki et al. 2004). In addition,
mutations in the & subunit of the GABA4 receptor (GABRD) were found in small nuclear
families with GEFS, CAE and JME (Dibbens et al. 2004). In chapter 3 of this thesis, a
large family segregating juvenile myoclonic epilepsy with autosomal dominant
inheritance caused by a mutation in GABRAI will be described.

So far, a total of six additional loci have been mapped for generalized epilepsy
syndromes in which Mendelian inheritance is suspected (Zara et al. 1995; Elmslie et al.
1997; Fong et al. 1998; Sander et al. 2000; Baykan et al. 2004; Puranam et al. 2005),
three putative loci for photosensitivity trait (Pinto et al. 2005; Tauer et al. 2005), as well

as four loci for febrile seizures (Wallace et al. 1996; Johnson et al. 1998; Nabbout et al.
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2002; Deprez et al. 2006) (Table 6). The identification of these susceptibility genes is

pending.

Table 6. Loci associated with idiopathic generalized epilepsy in Humans

Phenotype Inheritance Locus Reference
‘Infantile generalized epilepsy =~ . i :
BIFC AD 19q Guipponi, 1997
BMEI AR 16p13 Zara, 2000
AD 8q24 Fong, 1998
CAE/EIGI - 8q24 Zara, 1995
JME - 15q14 Emslie, 1997
IGE/EIG2 AD 14923 Sander, 2000
IGE/EIG3 AR 9q32-32 Baykan, 2004
IGE/EIG4 AD 10g25-26  Puranam, 2005

| Tauer, 2:005 —
13q31 Tauer, 2005
7932 Pinto, 2005

FAMEl  AD  8q4  Mikami, 1999
AD

2pll.1-q12.2  Guerrini, 2001

“15q13 _ Phillips, 1998

ADNFLEF

"AD
FTLE/ETL2 AD 12q22-23 Claes, 2004
FPEVF AD 22q11-12 Xiong, 1998
PEPS AD 4pl5 Kinton, 2002

“8q13-21  Wallace, 1996

AD
FEB2 AD 19p Johnson, 1998
FEB3 AD 6q22-24 Nabbout, 2002
FEB4 AD 5q14-23 Deprez, 2006

REPED/PKCFICPC AR 16p12-11  Guerrini, 1999
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Monogenic partial epilepsies
Autosomal dominant nocturnal frontal lobe epilepsy

Idiopathic partial epilepsies with Mendelian inheritance have also been described. The
first example is autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE), which
has been described by Scheffer et al, based on a group of five families with a
homogeneous phenotype (Scheffer et al. 1995). The epilepsy usually began in childhood,
and persisted through adult life, with considerable intra-family variation in severity.
Affected individuals were characterized by clusters of brief nocturnal motor seizures,
with hyperkinetic or tonic manifestations, typically as the individual dozed, or shortly
before awakening. Seizures were often misdiagnosed as benign nocturnal parasomnias,
psychiatric and medical disorders, and the syndrome was initially described as nocturnal
paroxysmal dyskinesia. Interictal EEG and neuro-imaging studies were consistently
normal. In turn, ictal video-EEG studies showed that the attacks were partial seizures
originating from the frontal lobe. This disorder showed autosomal dominant inheritance
with reduced penetrance. Many of these ADNFLE families are caused by mutations in
CHRNA4, CHRNA2, and CHRNB?2, encoding for three different subunits of the ligand-
gated neuronal nicotinic acetylcholine receptor (a4, o2, $2) (Steinlein et al. 1995; De
Fusco et al. 2000; Aridon et al. 2006). Other ADNFLE families have been mapped to
chromosome 15, in a region encoding for a cluster of nicotinic acetylcholine receptor, but

the identification of causative mutations in these families is pending (Phillips et al. 1998).

Autosomal dominant partial epilepsy with auditory features
Autosomal dominant partial epilepsy with auditory features (ADPEAF) was mapped

to chromosome 10q24 (Ottman et al. 1995; Winawer et al. 2000). In affected individuals,

41



Patrick Cossette Genetics of monogenic epilepsies
auditory hallucinations were the most striking clinical manifestation, but other sensory
symptoms (e.g. visual, olfactory, vertiginous, and cephalic) were reported. Autonomic,
psychic, and motor symptoms were less common. Although interictal EEG were

invariably normal, the clinical semiology points to a lateral temporal seizure origin. In the
majority of affected individuals, neuro-imaging is normal. In rare cases, cortical

dysplasias involving the temporal neocortex have been reported (Kobayashi et al. 2003).
Nonsense mutations in leucine-rich gene, glioma-inactivated-1 (LGI/) have been found in
families segregating ADPEAF (Kalachikov et al. 2002).

Familial temporal lobe epilepsy (FTLE) (Berkovic et al. 1996; Depondt et al. 2002;
Claes et al. 2004), familial epilepsy with variable foci (FPEVF) (Xiong et al. 1999), and
partial epilepsy with pericentral spikes (PEPS) (Kinton et al. 2002) are additional partial
epilepsy syndromes in which Mendelian inheritance is suspected (Table 6). However, the
identification of genes underlying these putative monogenic syndromes is pending.
Finally, Garcia et al described a nonsense mutation in SYN1, encoding for synapsin 1, in
a family segregating a mixture of neurodevelopmental disorders, including learning
disorders, aggressive behaviour and epilepsy in some cases (Garcia et al. 2004). In
chapter 4 of this thesis, additional evidences for the existence of this latter form of
monogenic partial epilepsy will be provided, with the description of a large kindred

showing recessive X-linked temporal lobe epilepsy caused by mutation in SYNI.
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Table 7. Genes associated with idiopathic epilepsy in Humans

Phenotype Inheritance Locus Gene Reference

KCNQ2 Bierveff, 1998

AD
BNFC AD 8q24 KCNQ3 Charlier, 1998
EAl/epilepsy AD 12p13 KCNALI Eunson, 2000
GEPD AD 10q22 KCNMAI1 Du, 2005
GEFS AD 2q24 SCN1A Escayg, 2000
GEFS AD 19q13 SCN1B Wallace, 1998
BFNIC AD 2q22 SCN2A Heron, 2002

JME/JAE/EGMA  AD 3926 CLCN2 Haug, 2003
JME - 2q22-23 CACNB4 Escayg, 2000

IGE/EA2/FHM - 19p13 CACNAITA Chioza, 2001
CAE - 16p13 CACNHI1 Chen, 2003

Cossette, 2002

GABRAI

AD 5q33 GABRG2 Wallace, 2001a
JME 1p36 GABRD Dibbens, 2004
1921 ”‘ISeFusco, 2000
ADNFLE AD 20q13 CHRNA4 Steinlein, 1995
ADNFLE AD 8p21 CHRNA2 Aridon, 2006

D) Non-ion channelgenes =~ = gL
JME AD 6pl12-11 EFHCI1 Suzuki, 2004
ADPEAF AD 10924 LGII1 Kalachikov, 2002
EVLD XR Xpll SYNI Garcia, 2004
JME - 6p21 BRD2 Pal, 2003
IGE - 18qg21 MEA2 Greenberg, 2005
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Paroxysmal neurological disorders associated with idiopathic epilepsy

Idiopathic epilepsies with Mendelian inheritance have been associated with other
paroxysmal neurological disorders, including episodic ataxia type 1 and paroxysmal
dyskinesia, respectively caused by mutations in KCNAI and KCNMA1 (Eunson et al. 2000,
Du et al. 2005). In addition, a putative locus has been identified for familial infantile
convulsions with choreoathetosis (FICPC) (Szepetowski et al. 1997), a syndrome that is
also named Rolandic epilepsy with paroxysmal exercise-induced dystonia and writer’s
cramp (REPED) (Guerrini et al. 1999) or epilei)sy associated with paroxysmal

kinesigenic choreoathetosis (PKC) (Sadamatsu et al. 1999).

Table 8. Monogenic epilepsy syndromes

¢ Benign neonatal familial convulsions

¢ Benign infantile familial convulsions

e Generalized epilepsy with febrile seizures plus

e Autosomal dominant idiopathic generalized epilepsy

¢ Autosomal dominant nocturnal frontal lobe epilepsy

¢ Autosomal dominant partial epilepsy with auditory features

e Familial temporal lobe epilepsy

e Familial partial epilepsy with variable foci

HYPOTHESIS AND OBJECTIVES

Genetic epidemiology studies thus indicate that, overall, the common forms of epilepsy
in Humans are complex genetic traits. However, an increasing number of large kindred,

segregating either partial of generalized epilepsy syndfomes, have been recently identified,
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and allowed the identification of specific genes causing Mendelian forms of epilepsy. The
current state of knowledge thus indicates that idiopathic generalized (or partial) epilepsies
are clearly not a single entity, but rather represent the sum of a large variety of different
genetic diseases: some being clearly Mendelian traits, while others might exhibit
polygenic inheritance. Therefore, to address such a complex neurological disorder, a
combination of methodological approaches is needed, and should include the recruitment
of a sufficient large number of families with detailed clinical evaluations. In particular,
systematic survey of family members of proband with standardized questionnaires is
needed in order to identify large kindred segregating epilepsy. By using this strategy, our
main hypothesis is that additional forms of familial epilepsy could be uncovered. More
specifically, the objective of this work is to identify additional genes that predispose to
idiopathic epilepsies and begin to determine how mutations in these genes lead to the
disease. In order to achieve these objectives, my specific aims are:

(1) identification of the gene causing an autosomal dominant form of IGE associated

with febrile seizures plus (GEFS+) in a large Australian kindred;

(2) mapping and identification of the gene causing an autosomal dominant form of

juvenile myoclonic epilepsy (JME) that we have identified in a large French-Canadian

kindred.

(3) mapping and identification of the gene causing a familial form of temporal lobe

epilepsy with recessive X-linked inheritance that we have identified in a large French-

Canadian kindred;

(4) characterization of biochemical and electrophysiological properties of the gene

mutations discovered in specific aims (1), (2) and (3).
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PROPOSED EXPERIMENTAL PLAN

Different strategies can be used to map and identify genes predisposing to complex
phenotypes in Humans (eg. non-parametric linkage analysis, association studies). In this
thesis, we will focus on studying familial forms of idiopathic epilepsy, mainly from the
French-Canadian population. For this purpose, we propose to use the classical methods
that have been shown to be efficient in Human Genetics, including:

(1) identification of familial cases with epilepsy, with an emphasis on large kindreds;

(2) detailed clinical evaluation of affected individual in order to identify distinct

clinical syndromes;

(3) blood sampling, DNA extraction and establishment of lymphoblastoid cell lines;

(4) genotyping and linkage analysis;

(5) sequencing of candidate genes mapping to the linked region; and

(6) functional characterization of the mutant versus normal genes.

This approach has been found to be successful for the identification of genes causing
various neurological diseases, including rare forms of epilepsy. One potential limitation
however is that we may find genes predisposing only for the monogenic forms of the
disease, which are believed to be rare. However, the incidence of familial epilepsy is
currently unknown, and is probably overlooked in clinical practice. For the study of
epilepsy with complex inheritance, a large cohort of well-characterized families would be
needed in order to perform non-parametric linkage studies (e.g. allele-sharing methods,
TDT). This method may facilitate the identification of the genes with a smaller impact

on the phenotype. These genes are probably responsible for a higher proportion of
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idiopathic epilepsy. However, although the families recruited for this study could also be
included in this latter analysis, this approach will not be considered in this thesis.

Should we map a new locus for familial epilepsy, the genes mapping to the minimal
candidate interval will be retrieved from public databases and will be screened for
mutation. Prior to screening, candidate genes will be prioritized based on a number of
criteria, summarized as follows:

(1) expression in brain regions relevant to partial or generalized epilepsy, identified in
expression databases and from scientific literature. Examples of such regions are
hippocampal formation, amygdala, temporal of frontal lobe neocortex, and thalamus;

(2) potential biological relevance to epilepsy, inferred from basic mechanisms
underlying generalized or partial epilepsy, in Humans or animal models;

(3) similarity of function or sequence with epilepsy genes previously identified in
Humans or mice.

Based on these criteria, potential candidate genes for idiopathic generalized and partial
epilepsies are summarized in Table 9. In this thesis, should we map a new locus by linkage
study, a high priority will be given to the screening of these genes, if present in our

candidate region.

IMPACT OF IDENTIFICATION OF EPILEPSY GENES

The treatment of the epilepsies remains symptomatic, with up to 30% of patient who
continue to have intractable seizures despite an adequate pharmacological treatment.

This represents considerable human and societal costs. The exact mechanism by which
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neurons spontaneously start to fire synchronously resulting in either focal of generalized
seizure is elusive. In addition, the mechanisms of action of many anti-epileptic drugs, as
well as the different response rate to these drugs among individuals are still poorly
understood. We believe that the identification and the characterization of the mutated
molecules involved in human epilepsies will enhance our understanding of the disease.

In particular, identification of susceptibility genes for the epilepsies will allow the
construction of transgenic animals that will facilitate the development of specifically
targeted drugs. In addition, with a better understanding of the mode of inheritance and of
the genetic etiology of the epileptic syndromes, we can expect to eventually offer better
genetic counselling to the individuals with epilepsy and their family members, including
DNA-based diagnostic tests. Eventually, early identification of individuals who are
prone to develop temporal lobe epilepsy may provide a unique opportunity during which

potentially neuroprotective treatments could be applied.

Table 9. Broad categories of candidate genes for epilepsy

(1) ion channel and ligahd-gated ion channel receptors

(2) glutamatergic, cholinergic and gabaergic receptors

(3) enzymes involves in synthesis or metabolism of glutamate, GABA, or other
neurotransmitter;

(4) proteins involved in neurotransmitter release machinery;

(5) proteins involves in neuronal development (e.g neurotrophins)
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CHAPTER 2: FUNCTIONAL CHARACTERIZATION OF THE D188V
MUTATION IN NEURONAL VOLTAGE-GATED SODIUM CHANNEL
CAUSING GENERALIZED EPILEPSY WITH FEBRILE SEIZURES PLUS
(GEFS)

Reproduced with permission from Elsevier Science BYV.

Reference :

Cossette P, Loukas A, Lafreniére RG, Harvey E, Rochefort D, Ragsdale DS, Dunn R, and
Rouleau GA. Functional characterization of the D188V mutation in SCNI/A4 causing
generalized epilepsy with febrile seizures plus (GEFS). Epilepsy Research 2003; 53:

107-17.
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Preface
“...although I shall continue to speak for the most part of epilepsy as if there were such a
clinical entity, there are really many different epilepsies...”
Hughlings Jackson, 1887

In this chapter, we present the identification and functional analysis of a D188V
mutation in the a1 subunit of the voltage-gated sodium channel (SCNI1A4) in a large
pedigree, the original family from which the syndrome of Generalized Epilepsy with
Febrile Seizures plus (GEFS+) was described (Scheffer and Berkovic 1997). D'
Rouleau’s laboratory previously mapped the gene for this family to chromosome 2q23-31
in a region containing a cluster of genes encoding for sodium channel (Lopes-Cendes et
al. 2000). While we were screening these genes for mutation, another group reported
mutations in SCNIA, in two French families (Escayg et al. 2000b). This finding
prompted us to re-examine our data. Meanwhile, mutations in SCNI4 gene have been
recognized as an important cause of familial epilepsy, with a variety of phenotypes.
However, the functional consequences of these mutations remained largely unknown at
that time. In this study, we found that sodium channels harbouring the D188V mutation
were more resistant to the decline in amplitude that is normally observed over the course
of high frequency pulse trains. This change in channel function is compatible with an
increase in membrane excitability, such as during sustained and uncontrolled neuronal
discharges. Our data suggest that this specific effect on sodium channel function could
be a general mechanism in the pathophysiology of epilepsies caused by mutations in
sodium channels in humans. From a clinical point of view, the variety phenotypes

associated with mutations in SCN14 challenged the current classification of epilepsy

syndromes.
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Abstract

Mutations in the alpha 1 subunit of the voltage-gated sodium channel (SCN/A) have been
increasingly recognized as an important cause of familial epilepsy in humans. However,
the functional consequences of these mutations remain largely unknown. We identified a
mutation (D188V) in SCN/A4 segregating with generalized epilepsy with febrile seizures
(GEFS) in a large kindred. Compared to wild-type sodium channels, in vitro expression
of channels harboring the D188V mutation were found to be more resistant to the decline
in amplitude that is normally observed over the course of high frequency pulse trains.
This small change on a single aspect of channel function is compatible with an increase in
membrane excitability, such as during sustained and uncontrolled neuronal discharges.
These data suggest that this specific effect on sodium channel function could be a general
mechanism in the pathophysiology of epilepsies caused by mutations in sodium channels

in humans.

Introduction

Epilepsy is a common neurological disorder, affecting approximately 1% of the
population. Recently, genes underlying some of the idiopathic partial and generalized
epileptic syndromes have been identified. The vast majority of the genes predisposing to
familial epilepsy in humans incriminate ion channels. Hence, mutations have been found
in voltage-gated sodium and potassium channels (SCNIB, SCNIA, KCNQ2, KCNQ3)
(Biervert et al. 1998; Charlier et al. 1998; Singh et al. 1998; Wallace et al. 1998; Escayg
et al. 2000b), as well as in ligand-gated channels (GABRAI, GABRG2, CHRNA4,

CHRNB?) (Steinlein et al. 1995; De Fusco et al. 2000; Baulac et al. 2001; Cossette et al.
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2002). Among these epilepsy genes, mutations in the alpha 1 subunit of the voltage-
gated sodium channel (SCNIA) are the most frequently encountered, and have been found
to cause at least three different epileptic syndromes: generalized epilepsy associated with
febrile seizure (GEFS) (Escayg et al. 2000b), febrile seizures associated with temporal
lobe epilepsy (Sugawara et al. 2001a) and severe myoclonic epilepsy of infancy (Claes et
al. 2001). However, even if SCNIA is increasingly recognized as an important gene
causing epilepsy in humans, the mechanism by which these mutations in SCN1A4 lead to
spontaneous and uncontrolled discharges of neuronal cells remains elusive. Several
recent studies have assessed the functional effect of mutations in SCN1A4, focusing on
three mutations identified in families segregating GEFS (T875M, W1204R and R1648H)
(Alekov et al. 2000; Alekov et al. 2001; Spampanato et al. 2001; Lossin et al. 2002).
These functional studies suggest that sodium channel mutations contribute to neuronal
hyperexcitability through subtle changes in persistent sodium current (Lossin et al. 2002),
activation, inactivation or recovery from inactivation (Alekov et al. 2000; Alekov et al.
2001; Spampanato et al. 2001). In this study, we present the identification of a D188V
mutation in SCNIA4 in a large family segregating GEFS that we have previously mapped
to chromosome 2q23-24 (Lopes-Cendes et al. 2000). This mutation is located in the
intracellular loop very close to the S3 transmembrane segment of domain I, which has no
previously identified role in voltage-gating. Electrophysiological analysis of D188V
mutant channels expressed in HEK cells shows that the mutation causes decreased
cumulative inactivation of sodium current during high frequency channel activity, an
effect compatible with membrane hyperexcitability. This mechanism could be central in

the pathophysiology of the epilepsies caused by mutations in sodium channels in humans.
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Materials and methods

Screening for mutation

Family collection and phenotypes have been described previously (Lopes-Cendes et al.
2000). The genomic organization of the human SCNI/A4 gene was determined by partial
sequencing of human PAC clones isolated from a chromosome 2 enriched PAC
sublibrary (Gingrich et al. 1996) probed at low stringency with a rat SCN24 ¢cDNA (Auld
et al. 1988). Primers were designed to amplify 200-350 bp fragments from genomic
DNA to screen all coding portions of the gene. Portions of the SCNI4 gene were
amplified by polymerase chain reaction (PCR) and analyzed by the single stranded
conformational polymorphism technique (SSCP). We also performed direct sequencing
of an affected patient and a control for all the coding region of the SCNIA4 gene. For
exon 4, primers NaC-63, 5’-TTAGGGCTACGTTTCATTTGTATG-3’; and NaC-64, 5°-
AGCACTGATGGAAAACCAAACTAT-3’ were used for PCR and sequencing. PCR
products showing a conformational change were reamplified from genomic DNA with
the same primers, and sequenced using the Thermo Sequenase Radiolabeled Terminator
Cycle Sequencing Kit (USB). To study the segregation of the mutation found in the
family, as well as for the screening of normal controls, we did PCR amplification as

described earlier, followed by BamHI digestion.

Mutagenesis
We used the QuickChange site-directed mutagenesis kit (Stratagene) to introduce the
D188V mutation into cDNA encoding the rat voltage-gated sodium channel o subunit

type 2 (SCN24) that we have previously cloned in vector pEUK-CI (Clonetech,
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Mississauga, Ont.) (Auld et al. 1988). Briefly, a truncated SCN24-pEUK construct was
created by digesting with Smal and then circularizing a 6.9 kb fragment consisting of the

entire vector and 5’ and 3’ segments of SCN24. The mutation was introduced into this
construct by PCR with pfu polymerase, using primers NaC-103 5°-
TTGCCGTGTGCTATGACTTTGTGTTCTCAG-3’, and NaC-104 5°-
CTGAGAACACAAAGTCATAGCACACGGCAA-3’, and religated with the remainder

of the SCN2A4 cDNA at the Smal site, to regenerate the full-length cDNA, containing the
D188V mutation. Both the wild type and mutant constructs were subsequently sequenced,

to confirm the presence of the mutation, and to rule out the introduction of spurious

mutations that could have occurred during PCR.

Sodium channel expression and electrophysiological recording

To study sodium channel function, human embryonic kidney (HEK) cells were grown to
80% confluence in 60mm tissue culture dish in DMEM medium(GIBCO, Burlington,
Ont.) and then transfected with 1.5 pg wild type or mutant SCN24-pEUK DNA, along
with 2 pg of SCNIB cDNA, encoding the alsubunit of the voltage-gated sodium channel,
in vector pcDNA3.1-Zeo (Invitrogen, Burlington, Ont.) and 0.5 pg GFP in vector
pEGFP-C1 (Clonetech), using Polyfect transfection reagent according to protocol
supplied by the maﬁufacturer (Qiagen, Mississauga,Ont.). Recordiﬁgs were performed at
room temperature 2—4 days after transfection, using the whole cell configuration of the
patch clamp recording technique with an Axopatch 200 amplifier and pCLAMP software
(Axon Instruments, Foster City, CA) (Hamill et al. 1981). Recording pipettes had

resistances of 2—4 MQ, and were filled with an intracellular solution consisting of (in
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mM): 105 Cs-Aspartate, 10 CsCl, 10 NaCl, 10 EGTA and 10mM HEPES, pH 7.4 with
CsOH. The extracellular bath solution contained (in mM): 130 NaCl, 4 KCl, 1.5 CaCl2, 1
MgClI2, 5 glucose and 10 HEPES, pH 7.4 with NaOH. Data were filtered at 5 kHz and
sampled at 50 kHz. Capacitive currents were cancelled using the internal clamp circuitry.
Remaining transient and leak currents were subtracted using the P/4 procedure. Series
resistance compensation (using the clamp circuitry) was >70%. Series resistance errors
were typically <2mV and were not greater than SmV in any experiment used in our
analysis. Experimental protocols ahd analysis for determining the voltage-dependence of
channel activation, inactivation and recovery from inactivation as well as other details of
whole cell recording were as described elsewhere (Kazen-Gillespie et al. 2000; Meadows
et al. 2002). Statistically significant differences between wild type and mutant channels
were determined by Student’s ¢-test. Groups were considered significantly different

when P <0.05.

Results

Mutation screening

To identify mutation in our GEFS family, we initially performed SSCP analysis on three
affected individuals from the pedigree, and on three normal controls using primers
specific to the human SCNI4 gene. A SSCP variant was detected in exon 4 with primers.
NaC-63 and NaC-64 for all of the affected patients, and none of the controls. No mutation
was found in the other exons of the SCNIA4 gene. Sequence analysis determined that the
patient was heterozygous for an A-T substitution predicted to change a GAT (Asp) to

GTT (Val) codon at position 188 for both the rat (Noda et al. 1986) and human (Escayg
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et al. 2000b) SCNI14 cDNAs (Fig. 1A). This variation destroys a BamHI restriction site,

that we used as a test to screen all individuals from the family, as well as more control

cases (Fig. 1B). The A-T substitution was seen in 17 affected and obligate carriers, but

not in 10 unaffected individuals from this family. This mutation was not detected in

more than 400 control chromosomes. Also the D188 residue is highly conserved in all

sodium channels, in all species (Fig. 2).

Functional analysis of the D188V mutation

To determine the effects of the D188V mutation on sodium channel function, we
introduced the mutation into cDNA encoding the rat ortholog of the voltage-gated sodium
channel a subunit type 2 (SCN24), and examined the functional properties of the
expressed sodium channels by whole cell patch clamp recording. In all experiments, we
coexpressed wild type or mutant o subunits with the auxiliary $1 subunit in human
embryonic kidney (HEK 293) cells. SCN24 was chosen for this analysis because it
expresses extremely well in HEK cells, whereas the cloned rat SCN14 did not produce
detectable currents when transfected into HEKs or other mammalian cell lines in
preliminary experiments. We believe that this methodological approach is valid, since
SCN24 is also expressed in the brain and shows more than 95% identity to rat SCNI14
overall, with 100% identity in the vicinity of the mutation (Goldin et al. 2000).
Moreover, rat SCN24 exhibits electrophysiological properties similar to SCNI4 when
expressed in Xenopus oocytes (Smith and Goldin 1998) and mutation inSCN24 may also
cause epilepsy in humans (Sugawara et al. 2001b). Whole cell current density in HEKSs

expressing mutant sodium channels was statistically indistinguishable from current
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density in cells expressing wild type channels (mean densities at OmV: wild type: 131 +
21 pA/pF; D188V: 146 + 28 pA/pF), indicating that the mutation did not prevent efficient
expression of functional channels on the cell surface. For both wild type and mutant
channels, the decay of sodium currents was rapid and nearly complete over a range of
stimulus potentials (Fig. 3A and B), with a small sustained currerit at the end of test
depoiarizations (Fig. 3C). Inactivation time constants (Fig. 3D) and the levels of
persistent current (Fig. 3E) were indistinguishable over this entire voltage range. Indeed,
the inactivation rates and levels of persistent current in superimposed the means of
normalized currents evoked at OmV, were virtually identical (Fig. 3B and C). These data
indicate that the D188Vmutation does not increase neuronal excitability by altering the
time course of sodium channel gating. Mean activation (Fig. 4A and B) and inactivation
(Fig. 4C) curves for wild type and mutant channels were also virtually identical,
indicating that D188V does not change cell excitability by altering the voltage range over
which sodium channels open, or by altering the voltage-dependence of sodium channel
inactivation. Frequency-dependent cumulative inactivation of sodium currents during
high frequency channel activity is thought to play a significant role in shaping normal
neuronal electrophysiology (Colbert et al. 1997; Jung et al. 1997), and may also be
involved in dampening pathophysiological hyperexcitability associated with seizures.
Therefore, we investigated whether the D188V mutation affected the frequency
dependence of sodium channel activity by examining wild type and D188V sodium
currents during depolarizing trains of pulses at frequencies ranging from 1 to 100 Hz.
Interestingly, at frequencies >10 Hz, current in cells expressing mutant sodium channels

declined in amplitude significantly less than currents in cells expressing wild type
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channels (Fig. 5), an effect compatible with an increase in cell excitability. Frequency-
dependent cumulative inactivation is caused by incremental decline in the fraction of
sodium channels available to open from one depolarizing pulse to the next. Since the
main factors determining pulse-to-pulse channel availability are the rate and extent of
channel recovery from inactivation between each depolarizing test pulse, we expect wild
type and mutant channels to differ in one or both of these parameters. To test this
hypothesis, we inactivated channels with an 8ms depolarizing conditioning pulse, and
then examined the time course of recovery from inactivation at a hyperpolarized recovery
potential. Using this protocol, recovery of both wild type and mutant channels followed a
similar exponential time éourse, reflecting rapid recovery from conventional fast
inactivation. Although recovery of wild type and mutant channels was statistically
indistinguishable, recovery of mutant channels appeared to be slightly more complete
than recovery of wild type channels (Fig. 6A). This small difference was accentuated
when we examined recovery using a longer (1 s) conditioning pulse, which roughly
approximated the cumulative membrane depolarization during a long train of short test
pulses separated by brief recovery intervals. With this longer conditioning pulse, recovery
was biexponential, with distinct rapidly and slowly recovering components (Fig. 6B).
Two differences between wild type and D188V channels were evident from this analysis.
First, the proportion of channels recovering rapidly was larger for D188V (~75%) than
for wild type (~60%). Second, the slow component of recovery was faster for mutant
channels (t ~ 94 ms) than for wild type channels (z ~ 190 ms). Together, these effects
resulted in a faster overall recovery rate for the mutant than for wild type. These data

suggest that the mutation causes decreased sodium channel entry into and faster recovery
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from a distinct slow inactivated state (Rudy 1978), an effect that is barely detectable with

short depolarizations but obvious with the long depolarizations. Together, these data

suggest that slow inactivated sodium channels accrue gradually during long trains of brief
depolarizations. During these high frequency trains, the difference in slow inactivation

between wild type and mutant gradually accumulates, resulting in the emergence of a

large difference infrequency-dependent cumulative inactivation.

Discussion

In the present study, we describe a D188V mutation in the SCN/A gene, in a family that
we have previously linked to chromosome 2p36 (GEFS2) (Lopes-Cendes et al. 2000).
Several lines of evidence suggest that D188V is the pathogenic mutation in this family:
(1) the non-conservative change of an aspartic acid (charged polar) to a valine
(uncharged, nonpolar); (2) D188 is conserved in ten different sodium channel alpha
subunits found in humans, and also in different sodium channels from invertebrate
species, suggesting that this residue is functionally critical (Fig. 2); and (3) the D188V
mutation was not found in over 400 control chromosomes. In addition, by introducing
the D188V mutation into the highly homologous SCN24 sodium channel and comparing
the functional properties of wild type and mutant channels expressed in HEK cells, we
confirm that the D188V mutation has a functional effect on the sodium currents in vitro,
with a phenotype compatible with membrane hyperexcitability. Voltage-gated sodium
channels are the dominant excitatory current in excitable membranes and play major roles
in determining the action potential threshold and in shaping neuronal firing patterns. In

humans, mutations in different sodium channel subtypes have been found to cause

59



Patrick Cossette Genetics of monogenic epilepsies

diseases of skeletal muscle (SCN44; hyperkalemic episodic paralysis and paramyotonia
congenita) (Cannon and Strittmatter 1993; Chahine et al. 1994), heart (SCN54; long QT
syndrome) (Bennett et al. 1995), and brain (SCNB1, SCN1A4, SCN24; GEFS) (Wallace et
al. 1998; Escayg et al. 2000b; Sugawara et al. 2001b). In the case of epilepsy, we might
expect that subtle changes in sodium channel function could be sufficient to disrupt
electrophysiological homeostasis, resulting in seizures. Consistent with this hypothesis,
previous studies have shown that the T875M, W1204R and R1648H mutations in SCN14
cause small increases in persistent sodium current and other subtle changes in channel
gating which may contribute to the GEFS phenotype (Alekov et al. 2000; Alekov et al.
2001; Spampanato et al. 2001; Lossin et al. 2002). In this study, we demonstrate for the
first time that the D188V mutation in SCNIA also causes a subtle change in channel
function, specifically a resistance to cumulative inactivation during high frequency
activation, but does not affect persistent current, the time course of inactivation or
voltage-dependence of channel gating. This small effect on a single aspect of sodium
channel function is consistent with the GEFS+ phenotype, which is characterized by
episodes of febrile and afebrile seizures, separated by long seizure-free intervals.
Interestingly, two recent studies of other GEFS+ mutations in sodium channel o and 1
subunits suggest that reduction in frequency dependent cumulative inactivation may be a
common mechanism by which sodium channel mutations cause epilepsy in humans
(Spampanato et al. 2001; Meadows et al. 2002). We cannot be certain that the D188V
mutation has the same effect in the rat SCN24 clone as it would in human SCNI4
channels. However, rat SCN24 is 95% homologous to rat SCNI4, is identical in the

region surrounding the mutation, and exhibits similar functional properties when
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expressed in oocytes. Therefore, it is highly plausible that the mechanism we described
here will be the same in human sodium channels, and therefore is relevant to the
understanding of this epilepsy syndrome. How does the D188V mutation cause epilepsy?
During seizures, individual neurons undergo prolonged membrane depolarizations,
during which they continuously fire action potentials at high frequency (McNamara
1994). Cumulative inactivation of sodium currents during this pathological activity
would be expected to reduce neuronal excitability and thus dampen neuronal firing. In
contrast, neurons expressing sodium channels with the D188V mutation are expected to
be more resistant to sustain high frequency firing, and thus more able to sustain and
propagate seizure activity in the brain. Although the general idea that decreased sodium
current cumulative inactivation will increase neuronal excitability is intuitively obvious,
the exact mechanism by which this change in channel function causes seizures in the
brain of epileptic patients is less clear. Sodium channels are involved not only in the
initiation and propagation of action potentials, but also in synaptic integration (Stuart and
Hausser 2001), boosting of synaptic potentials (Stuart and Sakmann 1995) and
subthreshold electroresponsiveness (Alonso and Llinas 1989). Sodium channels in
different subcellular regions show differing functional properties (Colbert et al. 1997,
Jung et al. 1997), and each of the various neuronal sodium channel subtypes exhibits a
distinct pattern of regional and subcellular localization (Westenbroek et al. 1989). The
protein product of the SCNI1A4 gene is localized to the somata of at least some brain
neurons (Westenbroek et al. 1989), and thus may play a specialized role in determining

neuronal firing patterns. The findings presented here provide a starting point for in vivo
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studies to understand the mechanism by which mutations in SCN/A lead to epilepsy in

humans.

Acknowledgements

The authors wish to thank E. Schurr for chromosome specific PAC clones. P.C. is funded
by a Canadian Institutes for Health Research (CIHR) fellowship, clinical-scientist
program (FRN-35318). D.S.R. is funded by CIHR grant MT-13485. G.A.R. is supported

by the CIHR. This work was supported by Xenon Genetics Inc.

62



Patrick Cossette Genetics of monogenic epilepsies

Figures
A
normal GEFS2
A A
Pro189 C C Pro189
C C
T T
Asp188 A A/T Asp/Val188
G G
G G
Arg187 G G Arg187
C C
B

123456 7

338 bp
240 bp

98 bp

Figure 1. Detection of the D188V mutation. (A) Sequence analysis of PCR products
amplified from genomic DNA of a normal control and a GEFS2 patient using NaC-63
and NaC-64 primers. The A-T substitution detected in the heterozygous patient results in
a non-conservative amino acid change (D188V). (B) Detection of this mutation using
BamHI digestion of the PCR products amplified from four affected patients (lanes 3—6)
and three controls (lanes 1-2, and 7) with primers NaC-63 and NaC-64. Normal alleles
containing a BamHI site give digested fragments of 240 and 98 bp, whereas the mutant

alleles remain undigested at 338 bp.
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Figure 2. Amino acid sequence alignment of the region near D188 in sodium channel
genes. (A) D188 is conserved in the following 10 known sodium channel alpha subunit
genes (SCNA) in humans (SwissProt or GenBank accession numbersin parentheses):
SCNIA4 (P35498), SCN24 (Q99250), SCN34 (AAG53415), SCN4A4 (P35499), SCN5A
(Q14524), SCN64 (Q01118), SCN8A (AAD20438), SCN94 (NP 002968), SCN104
(AAD30863), SCN114 (NP 054858). (B) D188 is conserved in the majority of non-
mammalian species: electric eel (P02719), puffer-fish (BAA90398), Aplysia
(AACA47457), squid (AAA16202), fruit-fly (P35500), flatworm (AAC63049), and
jellyfish (AAA75572). D188 is shown in bold. Residues that are identical to the SCN/4

sequence are shown as dashes.
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Figure 3. The D188V mutation does not affect the time course or extent of sodium
current inactivation. (A) Typical whole cell sodium currents elicited in two different
cells one expressing wild type SCN24 (Navl.2a) sodium channel, the other expressing
D188V. In this and subsequent figures, wild type and mutant o subunits were
coexpressed with wild type B1. Currents were evoked by depolarizations to —35, —25,
—15 and —5mV, from a holding voltage of -90mV. (B) Mean whole cell currents, elicited
by depolarization to OmV, for cells expressing wild type (solid trace) or D188V (dotted
trace) channels. To obtain these mean traces, wild type or mutant currents evoked at
OmV in each cell were normalized, and then the normalized traces were averaged
together. (C) The same traces, rescaled to show the much smaller persistent currents. (D)
Mean inactivation time constants for wild type (®, n = 6) and D188V (A, n = 8) whole
cell currents. Whole cell currents evoked over a range of test potentials were fit with a
single exponential to determine inactivation time constants. In this and subsequent
figures, error bars indicate standard errors of the means. (E) Mean levels of persistent
current for wild type (n = 16) and D188V (n = 13) over a range of test potentials. In each
cell, persistent current was measured at the end of depolarizing test pulses, and then

normalized with respect to the peak current elicited at OmV.
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Figure 4. D188V does not alter the voltage-dependence of sodium channel activation or
inactivation. (A) Mean, normalized current—voltage relationships for cells expressing
wild type (@, n=19) or D188V (A, n = 14) channels. The graph shows peak currents,
elicited by depolarizations to a range of test potentials from a holding potential of
—-90mV. (B) Voltage-dependence of activation for wild type and D188V. The current—
voltage relationships in panel (A) were converted to activation curves and fit with the
Boltzmann equation, as described elsewhere (Hamill et al. 1981; Kazen-Gillespie et al.
2000). Mean values for }'1/2 and k were as follows: wild type: V'1/2 =-13.9, k=-5.4;
DI188V: V12 =-13.6, k=-5.7. (C) Voltage-dependence of inactivation for wild type
and D188V. Inactivation curves were determined as described in Section 2, from the
same cells as in panels (A) and (B), and fit with the Boltzmann equation. Mean values
for V'1/2 and k were as follows: wild type: V1/2 =-44.5, k=6.3; D188V: V12=-44.8,k

=6.0.
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Figure 5. D188V reduces cumulative inactivation of sodium current amplitude during
high frequency trains of channel activation. (A) Typicaj current traces elicited by the 1st,
2nd, 10th and 100th pulses of 80 Hz trains in cells expressing wild type (left hand traces)
or D188V (right hand traces) channels. Each trace was evoked by 5 ms depolarization to
OmV, from a holding voltage of —80mV. (B-D) Mean, normalized amplitudes of
currents elicited by pulse trains of 10 (B), 80 (C) or 100 (D) Hz, in cells expressing wild
type (@) or D188V(A) channels. (E) The extent of frequency dependent cumulative
inactivation for wild type and D188V channels over a range of stimulus frequencies. The
data points show means of amplitudes of the last pulse in the train/the 1st pulse in the
train. Single and double asterisks indicate statistically significant (P < 0.05) and highly
significant (P < 0.01) differences between wild type and D188V, respectively. Means

were determined from 3 (1 Hz) or 10 (10-100 Hz) experiments, respectively.
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Figure 6. D188V reduces slow inactivation. (A) Mean recovery from inactivation, for
cells expressing wild type (®, n=4) or D188V (A, n=15) channels. Recovery time
course was determined, using a standard three-step protocol, as described previously
(Hamill et al. 1981; Kazen-Gillespie et al. 2000) (see inset). Channels were inactivated by
an 8ms conditioning pulses to 0OmV. This was followed by a recovery interval of varying
duration at —80mV and then a test pulse to OmV to assess the fraction of recovered
channels. The graph shows the amplitude of the currents evoked by the test pulse,
normalized with respect to complete recovery, and plotted as a function of the recovery
interval. The smooth lines are exponential fits. Mean recovery times constants were
2.94+0.2 and 2.9+0.4, for wild type and D188V, respectively. (B) Mean recovery from
inactivation, determined using 1 s conditioning pulses to 0mV (see inset). The data were
fit with the sum of two exponentials, with mean time constants of 4.9+1.1 and 186+4.8

for wild type (n =4) and 3.6 £ 0.2 and 94.0 £ 32.1 for D188V (n = 4), respectively.
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CHAPTER 3: MUTATION OF GABRA1 IN AN AUTOSOMAL DOMINANT
FORM OF JUVENILE MYOCLONIC EPILEPSY

Reproduced with permission from Nature Publishing Group.
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Preface

“I am about to discuss the disease called "sacred." It is not, in my opinion, any

more divine or more sacred than any other diseases, but has a natural cause ...Its

origin, like that of other diseases, lies in heredity... My own view is that those who
first attributed a sacred character to this malady were like the magicians,

purifiers, charlatans, and quacks of our own day...”

HIPPOCRATES

470-410 BC

Even in modern classification, tonic-clonic seizures are reffered to Grand Mal

epilepsy, as if the individual could be possessed. This surprising appellation probably
reflects a combination of mystery about etiology of the disease, together with
astonishment caused by its spectacular clinical manifestation. Genetics factors have been
suspected for many years to play an important role in the etiology of idiopathic
generalized epilepsy (IGE). However, despite the recent identification of gene defects in
families segregating rare epileptic syndromes, genes underlying the classical IGE
remained to be determined. In this chapter, the identification of the first gene
predisposing to juvenile myoclonic epilepsy, one of the most common IGE syndromes, is
described. In this family, a missense mutation in the o1 subunit of the GABA, receptor
(GABRA1I) was found to cause a loss-of-function of this ligand-gated chloride channel.
Meanwhile, genetic studies of large pedigrees segregating other classical IGE phenotypes
led to the identification of mutations in the y2 (GABRG?2) and the & (GABRD) subunit of
the GABA, receptor, as well as in the voltage-gated chloride channel (CLCN2),
suggesting that these syndromes may be caused by complementary molecular

mechanisms. Another mutation in GABRAI was also found recently, in collaboration

(see appendix 2).
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Abstract

Although many genes that predispose for epilepsy in humans have been determined,
those that underlie the classical syndromes of idiopathic generalized epilepsy (IGE) have

yet to be identified. We report that an Ala322Asp mutation in GABRA1, encoding the a1

subunit of the y-aminobutyric acid receptor subtype A (GABA,), is found in affected
individuals of a large French Canadian family with juvenile myoclonic epilepsy.
Compared with wild type receptors, GABAAx receptors that contain the mutant subunit
show a lesser amplitude of GABA-activated currents in vitro, indicating that seizures may
result from loss of function of this inhibitory ligand-gated channel. Qur results confirm
that mutation of GABRA I predisposes towards a common idiopathic generalized epilepsy

syndrome in humans.

Introduction

Idiopathic generalized epilepsy is a common neurological disorder that affects roughly
0.4% of the population. The disease has a significant hereditary component, as indicated
by studies of family aggregation and twins (Annegers et al. 1982; Berkovic et al. 1998).
But the identification of genes that underlie predisposition to IGE is hampered by clinical
heterogeneity of the syndromes and by genetic heterogeneity for apparently similar
syndromes. Clinical studies of large kindreds have allowed the definition of a new IGE
syndrome that is associated with febrile seizures (generalized epilepsy with febrile

seizures, GEFS) (Scheffer and Berkovic 1997). At least three genes, which encode the 1

and al subunits of the neuronal voltage-gated sodium channel (SCNI/B, SCNI14)
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(Wallace et al. 1998; Escayg et al. 2000b; Wallace et al. 2001b) and the 2 subunit of

GABA receptor (GABRG?2) (Baulac et al. 2001; Wallace et al. 2001a) have been found

to underlie GEFS. Only a few families affected with GEFS, however, carry mutations in

these genes. In addition, the proportion of individuals with IGE that meet the criteria for -
GEFS is currently unknown; thus, the genes critical to most types of sporadic and familial

IGE have yet to be determined.

Results

We collected and examined DNA from 14 members of a French Canadian family with
epilepsy (Fig. 1). All affected family members have a similar phenotype (Table 1) and
fulfill the criteria for juvenile myoclonic‘ epilepsy (JME) (Genton et al. 1994; Janz and
Durner 1997). The only exception is individual IV-03, who has an earlier onset of disease
but has clinical features that are otherwise indistinguishable from other members of the
family (Fig. 2 and Table 1). This observation is consistent with previous reports of early-
onset JME syndrome (Wolf 1992; Janz and Durner 1997) and reinforces the concept of a
biological continuum among classical IGE syndromes (Berkovic et al. 1987). We did not
find any history of febrile seizure in this family. By systematically recording
electroencephalograms (EEGs) during childhood in every member of this large kindred,
we found a photoparoxysmal response (photosensitivity) in individual IV-02, although he
denied having any symptoms suggestive of a seizure disorder. As a photoparoxysmal
response is found in up to 8.3% of children (Eeg-Olofsson et al. 1971; Doose and Gerken

1973) we did not consider him to be affected for the purpose of this linkage study.
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We conducted a genome scan using 383 evenly distributed microsatellite markers. We
found evidence of linkage to chromosome 5q34, with a maximum lod score of 3.1 at =0
for marker D5S414. This region represents the only lod score above 2.0 in the whole
genome. Fine-mapping shows that the candidate region includes a cluster of GABA4
receptor subunits—{32 (GABRB2), al (GABRAI) and y2 (GABRG2)—that are flanked by
the markers D5S1955 and D5S422 (Fig. 1). We screened the family for mutation in these
GABA receptor genes using both single-stranded conformation polymorphism (SSCP)
analysis and denaturing high-performance liquid chromatography (dHPLC). We did not
find any mutations in GABRG2; however, we detected a variant in exon 9 of GABRA! in
all of the affected (n = 8), but none of the unaffected (n = 6), members of the family. We
did not find mutations in the other exons of GABRAI.

Sequence analysis indicated that the affected individuals are heterozygous with respect
to a C—A substitution, which is predicted to change a GCC (alanine) to a GAC (aspartic
acid) codon at position 322 of the GABRAI cDNA (Fig. 3a). This alanine residue is
located in the third transmembrane domain of the predicted protein and is conserved in all
a-subunits of GABA, receptors of different species (Fig. 3b,c). We did not find this
Ala322Asp variation in 400 control chromosomes of individuals of French Canadian
origin, nor did we find it in individual IV-02, who showed only an abnormal EEG. In
addition, we did not find the Ala322Asp mutation in people with sporadic IGE, which
included individuals with JME (n = 31) and childhood absence epilepsy (CAE)
syndromes (n = 52). Some of the individuals with sporadic IGE had a positive family
history for various epileptic syndromes (5 affected with JME and 16 affected with CAE),

but these families were not large enough to test for linkage.
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We investigated whether the Ala322Asp mutation altered the functional properties of
GABAA receptors in vitro. GABA4 receptors are ligand-gated chloride channels that
mediate fast synaptic inhibition in the brain. Their molecular structure comprises a
heteropentameric protein complex, which is assembled from different classes of subunits
(al-6, P14, y1-3, 5, €, m, 6) (Moss and Smart 2001). The a1p2y2 combination is
thought to be the most abundant form of the receptor in the brain (Sieghart et al. 1999).
The optimal subunit stoichiometry and composition required for functional expression of
GABA4 receptors with the full pharmacological spectrum of the native receptors is a
2:2:1 ratio of a, B and y subunits. We therefore cloned GABRG2, GABRAI and GABRB2
c¢DNA and introduced the Ala322Asp mutation into the GABRAI cDNA. HEK 293 cells
expressing mutant GABA, receptor (a1Ala322Asp22) have a lower amplitude of
GABA-activated currents than those expressing the wildtype (a1 BZYQ) receptor (Fig.
4a,b).

We also introduced the mutation into rat GABRAI ¢cDNA, which caused a similarly
lesser amplitude of GABA currents gated through mutant receptors. Immunoblot analysis
using an antibody specifically directed against the a1 subunit of the GABA4 receptor did
not indicate a difference in the amount of expression between mutant and wildtype
subunits (Fig. 4c). Thus, the lesser amplitude of the GABA currents observed in mutant
GABA 4 receptors is not due to a reduced amount of receptor expression but instead
results from an alteration in their function.

To determine further the mechanisms underlying these functional alterations, we
analyzed the dose-response relationship of GABA-evoked currents (Fig. 5). As expected,

the maximum response to GABA was lower in cells that expressed mutant
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al1Ala322Asp22 receptors. This result suggests that the Ala322Asp mutation might affect
the channel gating properties, for example, by reducing the single channel conductance
and open probability. Alternatively, the amount of receptors expressed at the cell surface
might be reduced. There was a clear shift in the dose-response curve toward the right,
which shows that the ligand-binding affinity of the mutant is reduced markedly compared
with that of the wild type. Finally, diazepam significantly potentiated GABA currents of
both wildtype and mutant channels, to a similar extent (data not shown).

In cells expressing either the mutant or the wildtype GABA4 receptor, the same
phenotype was observed consistently, without overlap in the relative amplitude of the
GABA-evoked currents (Figs 4 and 5). Because the disease is an autosomal dominant
trait, we attempted to assess in vitro the functional impact of the Ala322Asp mutation in a
'heterozygous' condition by transfecting an equal amount of mutant and wildtype
GABRAI cDNA. In a preliminary study, none of the recorded cells showed an obvious
intermediate response; that is, some cells presented a 'mutant phenotype', whereas others
showed a 'wildtype phenotype', as though one subunit (either mutant or wildtype ot1) is
incorporated preferably into the heteropentameric protein complex. These data must be
interpreted with caution, however, because it is virtually impossible to control adequately
for differences in protein expression. In addition, we can make only limited inferences in
regard to the functional consequences of the mutant GABA subunit in vivo, because there
are at least 17 different GABA subunits available in the brain for assembly into a fully

functional GABA 4 receptor.
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Discussion

Juvenile myoclonic epilepsy is a common epileptic syndrome affecting up to 26% of
all individuals with IGE (Genton et al. 1994; Janz and Durner 1997). Despite much
clinical evidence to incriminate hereditary factors in JME, the mode of inheritance of this
syndrome remains debated (Panayiotopoulos and Obeid 1989; Wolf 1992), and linkage
studies have yielded conflicting results (Greenberg et al. 1988; Weissbecker et al. 1991;
Elmslie et al. 1996; Elmslie et al. 1997; Greenberg et al. 2000). These discrepancies
probably reflect the fact that JIME, as well és other related IGE syndromes, is not usually
inherited in a clearly Mendelian manner but instead shows a complex pattern of
inheritance. In the family studied here, the transmission is clearly autosomal dominant,
with people affected over four generations. Notably, however, the clinical features are
homogeneous in all affected members. This contrasts with previous reports of large
kindreds affected with either generalized or partial epilepsy, for which the clinical
phenotype is highly variable (Scheffer and Berkovic 1997; Picard et al. 2000). In GEFS
syndrome, for example, affected individuals present clinical features ranging from febrile
seizures alone to a very severe form of epilepsy that is associated with mental retardation
(Scheffer and Berkovic 1997; Wallace et al. 1998; Escayg et al. 2000b; Wallace et al.
2001b). For each of the 'IGE genes' identified so far, the common clinical manifestation
in mutation carriers is not epilepsy per se, but febrile seizure (Scheffer and Berkovic
1997, Wallace et al. 1998; Escayg et al. 2000b; Baulac et al. 2001; Wallace et al. 2001a;
Wallace et al. 2001b). The mutation in GABRA is therefore the first example of a
mutation that segregates with a common IGE syndrome.

Juvenile myoclonic epilepsy and GEFS syndromes differ significantly in clinical

features: individuals who have JME have only afebrile seizures, onset in adolescence

80



Patrick Cossette Genetics of monogenic epilepsies
(rather than childhood) and myoclonic jerks (which are usually absent in GEFS

syndrome). When expressed in vitro, however, both the Ala322 Asp mutation in GABRA ]

and a Lys289Met mutation in GABRG2, which has been identified in a family affected

with GEFS (Baulac et al. 2001), produce the same electrophysiological effect—that is, a
reduction in GABA-activated currents. Differences in the developmental features, or in

the relative anatomical distribution of the y2 and a1 subunits, might explain some of the
differences observed in the clinical expression of the disease (Pirker et al. 2000). In vivo
studies of mutated GABRAI and GABRG2 subunits will help to address these issues and

will allow the design of specifically targeted drugs to treat this chronic and disabling

disease.
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Methods

Genotyping and linkage analysis. We first conducted genotyping at the Genome Centre
of the Montreal General Hospital, by using a modified Multi-Probe II (Packard) and ABI
3700 DNA sequencer. The microsatellite markers were obtained from the Whitehead
Institute as a modified version of the Cooperative Human Linkage Center screening set
and comprised 383 polymorphic, fluorescently labeled markers covering the whole
genome with an average intermarker spacing of 10 cM. The marker map positions were
based on sex-averaged maps from Marshfield Medical Research Foundation. We used
PEDMANAGER software for allele binning and inheritance analysis. Subsequent
markers used for the fine-mapping were genotyped manually by PCR incorporating
[35S]dATP. We analyzed PCR products by electrophoresis on 6% denaturing
polyacrylamide gels, followed by autoradiography. Allele sizes for each marker were
obtained from the Fondation Jean Dausset CEPH database and determined by comparison
with the M13mp18 sequence ladder. We calculated two-point lod scores using the M-link
program (Lathrop and Lalouel 1984; Lathrop et al. 1984) assuming autosomal dominant
inheritance with 90% penetrance, a gene frequency of 0.001 and the marker allele

frequencies contained in the CEPH database.

Mutation screening. We determined the genomic organization of human GABRAI by
aligning the sequence of GABRAI mRNA with the corresponding genomic sequence on
chromosome 5 (Venter et al. 2001); both sequences were obtained from databases.
Primers were designed to amplify fragments of 150-300 bp from genomic DNA to screen

all coding portions of the gene. We amplified portions of GABRA1 by PCR and analyzed
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them by SSCP and dHPLC (Xiao and Oefner 2001). We used primers GAB-91 and GAB-

92 to amplify exon 9 (primer sequences are available upon request). PCR products that

showed a conformational change and/or differences in their dHPLC retention pattern

were re-amplified from genomic DNA and sequenced using the Thermo Sequenase

Radiolabeled Terminator Cycle Sequencing Kit (USB).

Cloning of GABAA receptor subunits and mutagenesis. We designed primers to amplify
the complete open reading frame of three different GABA, subunits (a1,p2,y2) from a
cDNA fetal brain library (Clontech) by PCR using Pfu polymerase (Stratagene). We
cloned the appropriate PCR products into the Topo 2.1 vector (Invitrogene) and
subcloned them into the pcDNA3.1(-) vector (Invitrogene). We used the QuickChange
site-directed mutagenesis kit (Stratagene) to introduce the Ala322Asp mutation in the
GABRAI clone using primers GAB-103 and GAB-104. For the analysis of rat GABAA
receptors, we used the previously described al, B2 and y2 subunits (Wan et al. 1997). We
introduced the Ala322Asp mutation into the rat GABRAI clone using primers RGA-1 and
RGA-2. All constructs were sequenced completely to confirm the mutation and to
exclude any other variants that might have been introduced during PCR amplification.

Primer sequences are available upon request.

Electrophysiological studies of the Ala322Asp mutation. We transfected cDNA encoding
wildtype and Ala322Asp GABRAI subunits into HEK 293 cells along with cDNAs
encoding the GABRB2 and GABRG?2 subunits. Expressed heteropentameric channels

were examined using whole-cell recording techniques in voltage-clamp mode. The details
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of HEK cells preparation, cDNA transfection and recordings have been described (Wan
et al. 1997). HEK 293 cells were plated on 22-mm glass coverslips coated with poly-d-
lysine and transfected with 4 pug of al, 4 pug of B2 and 2 pg of y2 GABA4 receptor
subunit plasmids, as well as 2 pug of GFP plasmid as a marker of tranfectants, using
Lipofectamine (Gibco) according to the manufacturer's protocol. We obtained recordings
of GABA-evoked currents 24-48 h after transfection. Whole-cell recordings were made
using an Axopatch-1D amplifier (Axon Instruments) at a holding potential of -60 mV.
The recording chamber was perfused at room temperature with an extracellular solution
containing 140 mM NaCl, 5.4 mM KCl, 1.5 mM CaCl2, 2 mM MgCl2, 10 mM HEPES
and 25 mM glucose (pH 7.4, 310-320 mOsm). Recording pipettes (4-5 MQ) were filled
with intracellular solution containing 135 mM CsCl, 2 mM MgCl2, 0.1 mM CaCl2, 0.5
mM EGTA, 10 mM HEPES and 4 mM K+-ATP (pH 7.2, 300-310 mOsm). We applied
GABA (50 uM, 100 ms) through a drug pipette close to the recorded cell, except in
experiments to establish the dose-response curve, in which different concentrations of
GABA were applied to the cells through a computer-controlled multibarreled perfusion
system (Warner Instruments), as described (Lu et al. 1998). Because the differences
between wildtype and mutant GABAa receptors were so marked, it was not necessary to
make recordings by an investigator who was blind to which GABRA! cDNA (mutant or

wildtype) had been transfected.
Immunoblot analysis. HEK 293 cells were collected 24 h after transfection and sonicated
on ice in a lysis buffer containing 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1% sodium

deoxycholate, 1% Nonidet-P40, 0.5% SDS, 1 mM EDTA, 10 g ml-1 aprotinin, 10 g ml-1
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leupeptin and 2 mM phenylmethylsulfonyl fluoride. After 10 min of centrifugation at

10,000g, the protein concentration in the supernatant was measured using a

bicinchroninic acid protein assay kit (Bio-Rad). A total of 30 pg protein for each

transfection group was loaded in SDS sample buffer, separated on a 10% SDS-PAGE gel

and then transferred to a nitrocellulose membrane. The blot was probed with a polyclonal
antibody against GABAA al (1:1,000; Upstate) and a horseradish peroxidase—conjugated

goat antibody against rabbit IgG (1:5,000), and developed using the ECL western blot

detection system (Amersham).

Accession numbers. GABRAI mRNA, GenBank NM_000806; corresponding genomic
sequence on chromosome 5, Celera GA_x2HTBL3TTD1:500001-1000000; mouse
GABRAI,NP_034380.1; bovine GABRA1, A27142; chicken GABRAI, P19150; human
GABRA2, NP_000798.1; human GABRA3, NP_000799.1; human GABRA4,

NP_000800.1; human G4BRA45, NP_000801.1; human GABRA6, NP_000802.1.

URLs. The PEDMANAGER program can be found at:

http://www-genome.wi.mit.edu/ftp/distribution/software/pedmanager/.
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Figure 1. A large French Canadian kindred affected with JME.

The clinical features of the epileptic syndrome are homogeneous in all affected members
of the family over four generations. We assessed individual I-01 and II-03 indirectly via
individual II-04. The phenotype of individual I-01 and II-03 seems to be compatible with
JME. Individual IV-02 has EEG abnormalities (photosensitivity), but does not present
clinical seizures. The disease-associated haplotype is boxed. Alleles were numbered
according to their respective size and corresponding to the CEPH genotyping database.
The maximum lod scores obtained with these markers are shown on the lower right.
Individuals I1-04, I1I-07 and IV-03 are homozygous for markers D5S71955 and D55422,
this explains why these markers, which otherwise ﬂaﬁk the mutated copy of GABRAI (+),

show lower lod scores than the other adjacent markers on the same haplotype.
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Figure 2. Electroencephalogram abnormalities found in affected members of the family.
a,b, All affected members of the family show fast (>3.5 Hz) generalized polyspike-and-
wave epileptic discharges, which can occur spontaneously (a) or can be precipitated by
photic stimulation (b). These EEG recordings were obtained from individual IV-03.
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Figure 3. The Ala322Asp mutation in GABRA is located in a highly conserved domain
of the protein. a, Detection of the Ala322Asp mutation. Sequence analysis of PCR
products amplified from genomic DNA. For a given nucleotide (A, C, G, T), each lane in
the sequencing gel includes a normal control (N, left) and an affected member of the
family (A, right). The affected individual is heterozygous for a C—A substitution
(arrowhead), which results in a nonconservative change in aa 322 of the predicted protein
(Ala322Asp). b, Location of the mutated residue in the predicted protein. Ala322 is
located in the middle of the third transmembrane domain of the predicted protein (arrow).
¢, Amino-acid sequence alignment of the region near Ala322 in the a1 subunit genes.
This alanine (boxed) is conserved in all GABA, a-subunit genes from different species;
mouse, bovine and chicken are included here as examples. Ala322 is also conserved in
the six known human GABA 4 a-subunit genes: GABRA2, GABRA3, GABRA4, GABRAS
and GABRAG. The residues of the second and third transmembrane domains (M2, M3)
are highly conserved among the various GABA, a-subunits. Nonconserved residues are

indicated by an asterisk.
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Figure 4. Effect of the Ala322Asp mutation on GABA-evoked currents in transfected
HEK 293 cells. a, Representative individual recording trace of whole-cell currents
induced by puffing GABA (50 mM, 100 ms) onto the transfected cells at a holding
potential of -60 mV. b, Average peak amplitude of the GABA-evoked whole-cell currents
from cells transfected with wildtype or mutated GABRAI. ¢, Immunoblot analysis shows
that the Ala322Asp mutation does not alter expression of the a1 subunit. Cell lysates
from HEK 293 cells transfected with human wildtype (a12y2) or mutant

(o] Ata322a5pP2Y2) receptors and from nontransfected cells were immunoblotted with an

antibody against the o1 subunit of the GABAA, receptor.
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Figure 5. Effect of the Ala322Asp mutation on the maximum response and affinity of the
GABAA4 receptors. Whole-cell recordings were made in HEK 293 cells expressing either
human a1$2y2 (n = 6) or ol aja322asp3272 (n = 5) receptors at a holding membrane
potential of -60 mV. Currents were evoked by fast perfusions of GABA at different
concentrations through a multibarreled fast perfusion system. a, Examples of individual
current traces at different concentrations. Note that different scales were used to record
from human wildtype (c.1$2y2) and mutant (ol ala322aspP2Y2) receptors. b, Dose-response
curves. The peak of individual GABA-induced currents from both the wildtype (a1p2y2)
and mutant (o] aa32245pP2Y2) receptors was normalized to the maximal response from the
wildtype receptors and plotted against the concentration of GABA. The concentration-
response curves were fitted to the Hill equation, and their EC50s (concentration of a drug
that produces 50% of its maximal effect) were determined. The Ala322Asp mutation

results in both a lowered maximum response and a lesser affinity.
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CHAPTER 4: SYNAPSIN 1 TRUNCATION IS ASSOCIATED WITH EPILEPSY,
DEVELOPMENTAL DYSLEXIA AND LANGUAGE DISORDER
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associated with developmental dyslexia, language impairment and epilepsy. Submitted.
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Preface

“The problem of neurology is to understand man himself.”
Wilder Penfield (1891-1976)

Garcia et al previously described a family with a nonsense mutation in SYN/, which
was associated with epilepsy, aggressive behaviour, and learning disorder (Garcia et al.
2004). Unfortunatly, neither the epileptic syndrome, nor the specific impairments in
cognitive function were described in details in this report. In this chapter, the second
Human mutation in SYN/ is described, in a large kindred segregating familial temporal
lobe epilepsy with recessive X-linked inheritance. In these affected individuals, we
found a Q555X mutation in synapsin 1 (SYNI), encoding for a neuron-specific
phoshoprotein that associate with synaptic vesicles. By knocking-down Syr/ in
zebrafish, we showed that the SYN/gss55x mutation is associated with impaired synaptic
transmission in vivo. Further characterization of mutation carriers revealed that males
carrying SYNpsssy mutations also exhibit developmental language disorder, whereas
females exhibit dyslexia as a dominant X-linked trait. Overall, these data suggest that, in
addition to epilepsy, mutations in SYN/ may predispose towards a rare form of language
disorder, including dyslexia in. females. This finding may be an important step towards
the unravelling of the molecular mechanisms underlying both oral and written language,

the most distinctive features separating Humans from all other species.
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Abstract

Synapsin 1 (SYN/) encodes for a neuron-specific phosphoprotein which interacts with
synaptic vesicles. We report here a Q555X mutation in SYN/ in a large French-Canadian
kindred, AB, segregating language disorders and epilepsy. Affected females exhibit
reading-spelling impairments compatible with developmental dyslexia, whereas affected
males showed more severe language impairments, including deficits in reading-spelling,
oral comprehension and expression, and pragmatics. Compared to wild-type synapsin,
mutant SYN/ showed abnormal synaptic transmission in an in vivo assay. These results
suggest that truncated SYN/ predisposes towards dominant X-linked dyslexia in females,

and recessive X-linked language impairment and epilepsy in males.

Introduction

Dyslexia is the most common learning disorder, affecting approximately 5% of the
general population (Shaywitz 1998). This language disorder is characterized by impaired
reading skills in individuals showing otherwise normal intelligence, motivation, and
access to education. Proficient reading requires the integration of both lexical
(orthographic) and sub-lexical (phonological) processing routes. Whereas lexical
processing allows global and fast decoding of written material, sub-lexical processing
route involves phonological decoding, which is the ability to recognize the most
elementary units of spoken language, called phonemes. Phonological processing is a core
aspect of oral and written language development, since it allows discrimination,

manipulation and understanding of speech sounds (Bishop and Adams 1990). Dyslexic
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individuals are characterized by a deficit in one or both of these processing routes, but
impaired phonological processing is the most consistent observation among poor readers
(Habib 2000; Ramus 2001). In addition, dyslexia is frequently associated with spelling
difficulties (dysorthographia), particularly for irregular words (e.g. yacht, brooch) and
homophones (e.g see/sea, tail/tale) (Shaywitz 1998).

Despite extensive multidisciplinary studies, the specific mechanisms ﬁnderlying
developmental dyslexia remain a matter of debate (Habib 2000; Ramus 2001). An
important genetic contribution has been consistently observed for dyslexia, as indicated
by studies of familial aggregation and twins (DeFries et al. 1987; Shaywitz 1998). So far,
up to nine putative loci have been mapped for dyslexia (Fisher and DeFries 2002).
Recently, coding and non-coding variants thought to predispose to dyslexia have been
reported in four genes, respectively mapping to the DYX1 (DYXIC1), DYX2 (DCDC2,
KIAA0319), and DYXS5 (ROBOI) loci (Taipale et al. 2003; Cope et al. 2005; Hannula-
Jouppi et al. 2005; Schumacher et al. 2006). However, the relationship between these
variants and the biological mechanisms underlying the disease is difficult to establish.
The molecular mechanisms underlying dyslexia and language disorders thus remain to be

determined.

Methods

Neuropsychological profiles, and assessment of oral and written language abilities in
the AB family were performed by a team of neuropsychologists and speech-language
pathologists blinded to the genetic status (Supplementary Table 1). The assessment of

pragmatic difficulties was accomplished with the Pragmatic Profile of the Clinical
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Evaluation Language Fundamentals (CELF-1V). Standardized Assessment for diagnosis

of Autism (ADI-R & AGOS-G module 3) were performed in individuals IV-01 and I'V-

02. Clinical evaluations for epilepsy phenotype were routine. Collection of additional

dyslexic families has been described elsewhere (Raskind et al. 2005).

Genotyping of microsatellite markers, linkage analysis, and gene sequencing were
performed as previously described (Cossette et al. 2002). For temporal lobe epilepsy
phenotype, we calculated two-points LOD scores with MLINK from the FASTLINK
3.0P package by using a penetrance of 0.8, a disease allele frequency of 0.00001, a
phenocopy frequency of 0.0001 and equal allele frequencies. For language impairment
phenotype, two-points LOD scores were calculated with a penetrance of 0.9 in males, 0.6
in females, a disease allele frequency of 0.0001, a phenocopy frequency of 0.001.

Cloning of SYNI ¢cDNA and mutagenesis were performed as previously described
(Cossette et al. 2002). Integrity of the constructs was tested by immublot analysis in
COST7 cells transfected with wild-type and mutant SYN/a clones. The blot was probed
with an anti-Synapsinl antibody (SYSY, Synaptic Systems), as previously described
(Cossette et al. 2002).

Syntenic SYNI in zebrafish was suppressed by micro-injection of an antisense
morpholino in order to knock-down the function of the gene, as described elsewhere
(Drapeau et al. 2002). To investigate underlying disruptions of the synaptic drive for
locomotion, whole cell patch clamp methods were used to record spinal motoneurons

following touch evoked swimming (Drapeau et al. 2002).
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Results

Linkage analysis and molecular genetic studies

We identified a large family segregating temporal lobe epilepsy (TLE) over 4
generations, which was named AB, the initials of the proband (Supplementary Table 3).
The mode of inheritance for TLE in this family is compatible with a recessive X-linked
transmission (Fig 1A). We scanned the X chromosome by using 10 microsatellite
markers, and found evidence for lihkage on chromosome Xpl1-q21. Fine mapping using
additional markers identified key recombinants that allowed us to refine a candidate
region of 58 Mb between markers DXS8042 and DXS6799, with a maximum LOD score
of 3.1 for marker DXS6949. By sequencing candidate genes mapping to the candidate
interval we identified a stop codon (Q555X) in SYNI, encoding synapsin 1, in all TLE
individuals from the family (Fig. 1C). This mutation was not detected in 400 control
chromosomes.

Unexpectedly, detailed neuropsychological testing revealed severe impairment of
reading and spelling in four TLE males carrying the SYN/qsssx mutation. This latter
observation prompted us to systematically reassess the AB family with respect to
language abilities and neuropsychological profiles. A total of 17 mutation carriers were
evaluated, including six males and 11 females (Table 1 and supplementary Table 2). The
IQ scores were within normal range of intelligence in all females and most of the males.
In comparison to age-peers, the vast majority of mutation carriers (n=12 of 17) had poor
reading performance with irregular, infrequent and polysyllabic words (sublexical
processing deficits), together with impaired reading comprehension. In these poor

readers, we also observed various degrees of lexical access deficits (e.g. poor naming and
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fluency abilities), as well as striking dysorthographia. Overall, seven females (64%)
carrying the SYNIqgsssx mutation exhibit impaired performance in reading/spelling tasks,
compatible with a diagnosis of dyslexia. In turn, five affected males (83%) showed
deficits across many aspects of language, including poor performance in reading/spelling
tasks, impaired oral comprehension, as well as abnormalities in the structure of sentences
and discourse. In addition, all affected males (n=6) exhibit poor pragmatic language skills
(social use of language). This combination of language deficits observed in males
carrying the SYNIpsssy is qualitatively similar to those observed in autism-spectrum
disorder (Kjelgaard and Tager-Flusberg 2001), and the diagnosis of pervasive
developmental disorder was indeed confirmed in two affected males (33%). Speech
dyspraxia was also present in 11 of the SYN/sssx carriers.

Analysis of the phenotypes associated with the SYN/gsssx mutation in the AB family
suggests more severe language impairments in males (Table 1 and supplementary Table
2), which is consistent with the fact that they carry a single mutated allele (hemizygous).
In contrast, the heterozygous females show less severe language impairment, including 4
females that are asymptomatic. These observations in the AB family suggests that
dyslexia is inherited as a dominant X-linked trait with reduced penetrance, while the
same combination of language impairments and epilepsy is inherited as a recessive X-
linked trait. Based on this broader definition of the phenotype, we found a LOD score of
3.84 for the SYNIqsssx mutation (Fig. 1B). We have also screened 96 well characterized

males with familial dyslexia for mutation in SYN/, but no additional mutation was found.
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Functional analysis of the SYNI gsssx mutation

Synapsins are a family of neuron-specific proteins that associate with both synaptic
vesicles and the actin cystoskeleton. These proteins are mainly involved in the regulation
of sustained neurotransmitter release (Gitler et al. 2004). Synapsins have also been
implicated in neuronal development, synaptogenesis, and maintenance of mature
synapses (Ferreira and Rapoport 2002). Two phosphorylation sites for Ca+/calmodulin-
dependent protein kinase (CaMK) II reside in domain D of the protein (Fig 1C).
Inactivation of these CaMKII sites has been shown to impair the binding of SYNV! with
both actin and synaptic vesicles (Chi et al. 2001). In addition, COOH-terminal regions of
SYN! bind to Src homology 3 domains (SH3) (Onoffti et al. 2000), and Rab3 proteins
(Giovedi et al. 2004), which are believed to play an important role in the activity-
dependent regulation synaptic vesicle recycling. Truncation of SYN/ caused by the
Q555X mutation is thus predicted to lead to dramatic changes in the binding properties of
SYN1, which could impair neurotransmission.

We investigated whether the Q555X mutation alters the functional properties of SYN!
by using zebrafish (Danio rerio), a well characterized model for the study of
neurophysiological development (Drapeau et al. 2002). In contrast to SYNI knock-out in
mice, in which mild changes in neurotransmitter release have been reported (Li et al.
1995), we found that knocking-down Syn! with a targeted antisense morpholino
oligonucleotide (AMO) in Danio rerio caused a dramatic behavioural phenotype. In 71% (n
=32 of 47) of Synl AMO injected fish, disruption of touch-induced swimming behaviour
was observed (Fig. 2C). Recordings of spinal motoneurons revealed that SYN/ AMO

injected fish received a transient sensory-evoked response but this failed to generate a
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sustained, rhythmic synaptic drive seen. in wild type motoneurons following touch (n= 8 of
8, Fig. 2D). In contrast, fish that were injected with a control mismatch AMO (n =27 of 27,
not shown) had wild type patterns of swimming behaviour and synaptic drive. Coinjection
of wild-type human SYN/a mRNA with the SYNI AMO significantly reduced the number
of fish that displayed a strong disruption of swimming behaviour to 44% (n = 28 of 63, Fig.
2E) and whole cell recording revealed a restoration of sustained synaptically driven activity
in these fish (n =5 of 5, Fig. 2F). In contrast, only 20% (n = 14 of 71) of fish coinjected
with human SYNIqsssx RNA and SYNI AMO generated swimming in response to touch
(Fig. 2G). The majority of recorded motoneurons of these fish (n = 5 of 6) showed a
transient sensory-mediated response but this failed to generate sustained synaptic activity
(Fig. 2H). These results are compatible with a loss of function of the SYN/qsssx mutation

and impairment of synaptic transmission within the central nervous system.

Discussion

Garcia et al previously reported a W356X mutation in SYNI. As for the AB family
described here, males carrying the SYNI y356x mutation not only have epilepsy, but also
learning difficulties (Garcia et al. 2004). We believe that there is now compelling
evidences supporting that truncated SYNI is responsible for both epilepsy and learning
disorders. Indeed, truncated mutations in SYN/ have been independently found in two
large kindred, the phenotype associated with these two mutations is similar, and we show
here that SYNIqsssx mutation leads to a loss of function.

Unfortunately, Garcia ef al did not report the learning abilities of females, nor did they

provide detailed neuropsychological profiles in mutation carriers (Garcia et al. 2004).
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Here, we show that almost all affected individuals of the AB family exhibit striking
deficits in core aspects of language, such as lexical (orthographic) and sub-lexical
(phonological) processing routes. More importantly, we have found similar deficits,
although less severe, in the majority of females carrying the SYNIqsssx mutation. Overall,
the language ‘symptomatology’ is qualitatively similar in all affected individuals with
more severe impairments in males, an observation that is biologically plausible for a X-
linked disorder. The absence of non-verbal cognitive impairment or mental retardation in
affected individuals, and the fact that language impairments were observed in 8 non-
epileptic individuals from the AB family, highlights the language-specific nature of the
SYN1qsssx mutation induced phenotype.

The clinical manifestations in affected individuals for the AB family clearly extend
beyond the established diagnostic criteria for a single developmental language disorder.
However, because the biology of these disorders remains largely unknown, these criteria
remain empirical and are still a matter of debate. By rigorously using these diagnostic
categories, SYNIqsssx mutation would be associated with a priori different
neurodevelopmental disorders, including dyslexia (7 females), specific language
impairments (3 males), and pervasive developmental disorder (2 males) (Table 1). Based
on familial aggregation studies (Piven et al. 1997; Folstein et al. 1999) and language
profiles observed in autistic individuals (Kjelgaard and Tager-Flusberg 2001), several
authors suggested these disorders may potentially share genetic mechanisms. Although
additional genetic and environmental factors may be involved in the AB family, the

clinical phenotype observed is consistent with this latter hypothesis. Moreover, the
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phenotype observed in SYN/qsssx mutation carriers is not so heterogeneous if we analyse
the genders separately (Table 1).

Notwithstanding the classification considerations, the data presented here support that
SYNI is a novel gene associated with language disorder. The fact that we did not find
mutations in additional families does not invalidate this finding. This most probably
reflects the fact that a majority of dyslexic families exhibit a complex inheritance pattern
(Fisher and DeFries 2002), whereas SYNI may predispose towards a rare form of
dyslexia with Mendelian inheritance.

Mice lacking SYNI show increased seizure propensity, learning deficits and abnormal
synaptogenesis (Li et al. 1995; Gitler et al. 2004). Among synapsins, SYN/ is the most
abundant and is highly expressed in the limbic system and neocortex. We speculate that
abnormal development of the temporal lobe may be the common biological mechanism
underlying epilepsy and learning disorder. The proper development of the speech areas
may be particularly sensitive to disruption of synaptic transmission. If reduced activity-
dependent development underlies language impairments found in family AB, this might
account for the lack of dominant hemispheric growth of the dyslexic brain. Indeed,
individuals with either dyslexia or autism lack the normal asymmetry of the planum
temporale (Habib 2000; Rojas et al. 2005), a key component of the receptive language
within the left hemisphere.

In conclusion, we have identified a mutation leading to truncation of the pre-synaptic
protein SYN/ in a large family segregating dyslexia, language impairment and epilepsy.
Mutations in two isoforms of neuroligin (VLG3, NLG4), encoding for post-synaptic cell-

adhesion proteins have been recently found in families with autism (Jamain et al. 2003).
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Impaired synaptic transmission may thus be a common mechanism underlying language
disorders and autism. Although these findings so far implicate a small number of
families, the identification of such molecular mechanisms have implications in the search

for additional genes predisposing to these neurodevelopmental disorders.
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Figure 1. Identification of a Q555X mutation SYN/ in a large family with X-linked
language impairment and epilepsy. In panel A, consistent haplotypes segregating with
dyslexia in females, as well as language impairment and epilepsy in affected males.
Alleles were numbered according to their respective size corresponding to the CEPH
genotyping database. Key recombinants are indicated by arrows. In panel B, the
maximum lod scores obtained with these markers and for the Q555X mutation (+). In
panel C, sequence analysis from a normal control, female carrier, and affected male. The
female and male carriers are respectively heterozygous and hemizygous foraC — T
substitution, which results in a stop codon (TAG) in amino acid 555 of the predicted
protein (Q555X). Immunoblot analysis shows that the Q555X mutation leads to

truncated SYN/. Functional domains and phosphorylation sites of SYN/ are shown.
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Figure 2. Disruption of SYN! induces motor phenotypes in Danio rerio. A. Selected
frames showing rhythmically alternating flexions of the trunk during touch-evoked
swimming in wild type zebrafish at 2 days in development. Swimming was elicited by
touching the trunk with a pair of fine forceps (seen in the bottom left corner). B.
Rhythmic synaptic drive in a motoneuron of a 2 day wild type fish following touch
(arrow). C. Touch does not elicit rhythmic trunk flexions in Syn! AMO injected fish at 2
days. D. Absence of touch-evoked (arrowed) sustained, rhythmic synaptic drive in Synl/
AMO injected fish at 2 days. E. Sustained, rhythmic swimming activity in a 2 day fish
coinjected wild type SYNI mRNA and Syn! AMO. F. Sustained, rhythmic synaptic
activity in motoneuron of a 2 day fish coinjected with Syn/ AMO and SYNI mRNA. G.
Touch does not elicit rhythmic trunk flexions in 2 day fish coinjected with SYNIqsssx
mRNA and Syn! AMO. H. Absence of sustained, rhythmic synaptic drive in a
motoneuron following touch (arrowed) in 2 day fish coinjected with SYNIqsssx mRNA

and Syn! AMO. Scale bar in A,C,E,G =250 pm.
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Oral
ID Gender Reading-spelling comprehension Pragmatics Specific
impairments and expression difficulties developmental
impairments disorder

1-02 F yes no no dyslexian
11-02 F yes no no dyslexia
11-03 F no no no -
11-05 F yes no no dyslexia
11-06 F yes no yes dyslexia
-11 F yes no no dyslexia
111-02 F no no no -
111-06 F no no no -
111-08 F yes no no dyslexia
I-10 F no no no -
I-14 F yes yes no dyslexiat
I-15 M yes yes yes SLI
11-01 M yes ' yes yes SLI
111-04 M no no yes -
Hi-12 M yes yes yes SLI
IV-01 M yes yes yes PDD*
1V-02 M yes yes yes PDD*

112



Patrick Cossette Genetics of monogenic epilepsies

Table 1. Evaluation of language abilities in family AB.

All individuals carrying the Q555X mutation in SYNI underwent neuropsychological
evaluation and detailed assessment of oral and written language. Compared to age-peers,
the vast majority of mutation carriers (n=12) had impaired performance in
reading/spelling tasks, despite normal intelligence. A total of five females carrying the
SYNIgsssx mutation meet criteria for developmental dyslexia. In two additional females,
impaired language abilities and reading performance were also compatible with dyslexia,
but either young age (1) or inadequate educational opportunity (°) preclude a definite
diagnosis. Language impairment was more severe in five males (individuals II-15, I1I-01,
I-12, IV-01 and IV-02), who showed receptive and expressive language deficits
compatible with a diagnosis of specific language impairment (SLI). The pattern of
language deficits was qualitatively similar in individuals IV-01 and IV-02 (*). In
principle, SLI cannot be diagnosed in children with pervasive developmental disorder
(PDD). However, previous analysis of language impairment in individuals with autism
(Kjelgaard and Tager-Flusberg 2001), as well as familial aggregation studies (Piven et al.
1997; Folstein et al. 1999) suggest that dyslexia, SLI, and autism-spectrum disorder may
share common genetic mechanisms. The clinical phenotypes of the AB family presented

here are consistent with this hypothesis.
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Domain Test Tasks
Wechsler Adult Intelligence Scale®-Third | Picture completion, Block design,
Edition (WAIS®-(I1) Similarities, Arithmetic, Information,

Neuropsychological
assessment

Substitution, Digit span

Wechsler Intelligence Scale for Children®-
Fourth Edition (WISC®-1V)

Block design, Similarities, Digit Span, Picture |
concepts, Coding, Matrix reasoning, Letter-
Number sequencing, Vocabulary,
Comprehension, Symbol search

Wecshler Memory Scale®-Third Edition

(WMS®-1II)

Mental control (Alphabet, Numbers, Days of
the week)

Rey Auditory Verbal Learning Test (RAVLT)

15 words of Rey

L.etter A cancellation test

Visual selective attention

Outil de dépistage des dyslexies-ODEDYS

Letter sequences discrimination, Dictation of

(test of screening dyslexia) regular and irregular words and
pseudowords.
NEuroPSYchological investigation for | Phonological awareness  (phonological

children®-NEPSY®

processing abilities)

Color-Word interference test from the Delis-
Kaplan Executive Function System™ (D-
KEFS™)

Color naming and word reading

Culver form (for adults)

Right-Left discrimination

Epreuve Verbale d'Aptitudes Cognitives-
EVAC (Verbal test of cognitive aptitudes)

Right-Left discrimination

Verbal fluency test

Letter fluency (P) and category fluency
(animals)

Oral language

Test of word finding for adolescents and
adults-TWF

Receptive and expressive vocabulary

Boston Naming Test (30)

Oral denomination and written denomination

Clinical Evaluation Language Fundamentals-
IV-CELF-4

Sentence comprehension, Expressive
vocabulary, Sentence production

Written language

LOBROQT L3 (norms from BELEC)

Wiritten sentence comprehension

Bébé d'Edmonton history

Wiritten discourse comprehension

Reading

Batterie d'évaluation du langage écrit et de
ses troubles-BELEC: MIM A (Belgian battery
of evaluation of the written language and its
disorders)

Word and pseudoword reading, according to
frequency, length and graphems complexity

Batterie d'évaluation du langage écrit et de
ses troubles-BELEC: REGUL (Belgian battery
of evaluation of the written language and its
disorders)

Regular and irregular word reading

Chapman-Cook Speed of Reading Test

Written comprehension and reading speed

L’Alouette

Reading fluency

Writing

Batterie d'évaluation du langage écrit et de
ses troubles-BELEC: ORTHO3 (Belgian
battery of evaluation of the written language
and its disorders)

Writing words

Test de Rendement pour Francophones-TRF
(french version of the Wide-Range
Achievement Test-WRAT)

Orthography

No specific protocol

Words and Sentences dictation

Pragmatic language

Clinical Evaluation Language Fundamentals-
IV-CELF-4

Pragmatics profile questionnaire
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Supplementary Table 1. Neuropsychological and language abilities assessment.
Neuropsychological and language assessment in the AB family were performed by
neuropsychologists and speech-language pathologists blinded to the genetic status.
Neurospychological assessment included the WAIS III and WISC IV. Assessment of oral
and written language abilities was completed with a battery of tasks and tests widely used
with the francophone population. More precisely, assessment focused on: a) lexical
access abilities, as revealed by confrontation naming and fluency tasks (phonemic and
semantic fluency compared to age peers), b) oral expression abilities at the sentence and
discourse levels (sentence and discourse structure in conversational and narrative
discourse) ¢) comprehension abilities at the sentence and discourse levels (adaptation of
CELF IV for children and Phrase structure in French) d) reading —spelling abilities, as
revealed by pseudo-words, polysyllabic and irregular words (BELEC), and d) spelling
regular, irregular and pseudo-words words (BELEC). Pragmatic abilities were examined
with the Pragmatic Profile of the Clinical Evaluation Language Fundamentals (CELF-

IV).
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Supplementary Table 2. Summary of neuropsychological and language ability profiles
found in individuals carrying the SYNIgss5sx mutation. Scores of reading and spelling
tests were obtained from the BELEC battery, except for reading comprehension, which
were obtained from Lobrot test. Results from reading and spelling tests are presented
using z point comparison to mean control group: ‘0’z >-1.0; ¥ -2.0<z<-1.0; **z<-
2.0. For children, we used control values available from the BELEC battery. For adult,
comparison was made by using our own control group of 20 healthy individuals from the
Quebec population, matched for age and years of education. Abreviations used: F,

female; M, male; NA, not available
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Supplementary Table 3. Summary of epilepsy phenotype found in individuals carrying
the SYNI pss5s5x mutation. Complex partial seizures (CPS) in affected individuals were
characterized by chilling aura, alteration of consciousness with either fixed gaze or ocular
revulsion, oral and manual automatisms, hypotonia, and cyanosis. These complex partial
seizures may infrequently be prolonged by secondary generalized tonic-clonic seizures
(GTCS) in affected individuals. Other abbreviations: iiEEG, interictal
electroencephalogram; iEEG ictal electroencephalogram; MRI, magnetic resonance
imaging of the brain; SPECT, single-photon emission computerized tomography of the

brain; HA, hippocampal atrophy; F, female; M, male; NA, not available.
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CHAPTER 5: CONCLUSION

Although epilepsy overall is considered to be a complex genetic trait, there is
increasing evidences supporting the existence of monogenic forms of epilepsy in Humans
(Gourfinkel-An et al. 2004; Turnbull et al. 2005). Previous genetic studies using
conventional positional cloning approaches allowed the identification of genes
predisposing to a variety of familial epilepsies, including benign neonatal familial
convulsion syndrome (BNFC) (Biervert et al. 1998; Charlier et al. 1998; Singh et al.
1998), autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE), (Steinlein et al.
1995; De Fusco et al. 2000), generalized epilepsy with febrile seizures (GEFS) (Wallace
et al. 1998; Escayg et al. 2000b), and autosomal dominant partial epilepsy with auditory
features (ADPEAF) (Kalachikov et al. 2002). In this thesis, additional data supporting
the existence of monogenic epilepsies is provided, with the identification of novel
mutations in SCN/A, GABRAI, and SYN!. Mutations in these genes are predicted to lead
to epilepsy through a variety of molecular mechanisms. Most of the work presented here
was performed between January 2001 and June 2005. Over this short period of time, at
least 12 novel genes have been associated with idiopathic epilepsy (Table 7) (Heron et al.
2002; Haug et él. 2003; Dibbens et al. 2004; Suzuki et al. 2004). All of these successful
examples are in contrast with the poor harvest provided by association studies using large
cohorts of epiléptic individuals (Mulley et al. 2005). Indeed, although there have been
several reports of genes associated with various idiopathic epilepsies (Pal et al. 2003;

Greenberg et al. 2005), these studies await replication. More importantly, the biological
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mechanisms by which these genetic variations lead to the disease remain to be

determined.

Genetic heterogeneity in monogenic and complex epilepsies

One potential limitation of mapping and cloning genes underlying monogenic
epilepsies is that it may allow identification of genes predisposing only for rare forms of
the disease. Indeed, mutations in epilepsy genes identified so far explain only a minority
of all familial epilepsies. As an example, following the identification of the A322D
mutation in GABRA described in éhapter 3, we screened 150 individuals with IGE for
mutations in GABRAI, including 21 familial cases. Only one other mutation was found,
in a small IGE fémily (Cossette et al, in preparation). By screening a cohort of 98
individuals with IGE (including 60 families), Maljevic et al described another mutation in
GABRA in a sporadic case with childhood absence epilepsy (Maljevic et al. 2006)
(appendix 2). Based on these data, mutations in GABRAI would be responsible for
approximately 2% of familial IGE, and less than 1% of all IGE cases overall. However,
other groups of investigators failed to identify mutations in GABRA I, suggesting that
frequency of mutation in this gene would be even lower (Marini et al. 2004; Ito et al.
2005; Ma et al. 2006).

Mutations in GABRG2 have been described in at least three different families with
childhood absence epilepsy (CAE), one of the classical IGE phenotype (Wallace et al.
2001a; Harkin et al. 2002; Kananura et al. 2002). In addition, recent studies have shown
that mutations in CLCN2 gene (voltage-gated chloride channel) can predispose towards a
variety of classical IGE phenotypes, in five different families (Haug et al. 2003;

D'Agostino et al. 2004). As for GABRA, it appears that mutations in these genes
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represent a rare cause of familial IGE (D'Agostino et al. 2004; Marini et al. 2004). One
notable exception to this rule is the relatively high number of mutations found in SCNI4.
Indeed, mutations in this gene have been found in a significant proportion of individuals
with generalized epilepsy with febrile seizures plus (GEFS+; 10%) and severe myoclonic
epilepsy of infancy (SMEI; 50%) (Turnbull et al. 2005). However, in contrast to IGE,
these two latter syndromes are very rare.

Overall, even if the conventional positional cloning approach allowed the
identification of an increasing number of genes predisposing to idiopathic epilepsy,
including for the common IGE phenotypes, systematic screening of these genes in larger
cohort has yielded very few mutations. Clearly, this method did not lead to the
identification of major gene(s) responsible for common IGE cases. We propose two
potential explanations, not mutually exclusive, for this observation:

(1) familial epilepsy is probably an extremely heterogeneous genetic disorder. So far,
at least 20 genes have been identified for monogenic epilepsy, explaining only a minority
of all familial cases (Gourfinkel-An et al. 2004; Turnbull et al. 2005). This is not
surprising, considering that epilepsy results from a dysfunction of the cerebral cortex, a
very complex anatomical structure. In addition, previous neurophysiological studies of
epileptic brains revealed that a variety of different mechanisms can lead to impaired
neuronal excitability (see p. 19). Moreover, there is mounting evidences that other
neurogenetic disorders also exhibit such a high genetic heterogeneity. As an example,
autosomal dominant spinocerebellar ataxias and muscular dystrophy have been
associated with 29 and 27 loci respectively (Emery 2002; Duenas et al. 2006), although

these disorders are caused by a dysfunction of much less complex structures of the
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nervous system (e.g. cerebellum, muscle). Based on these observations, it is reasonable
to hypothesize that a high number of different genes will be responsible for the disease;
(2) the majority of genetic epidemiology studies suggest that common forms of
epilepsy are caused by genetic variation in several genes together with environmental
factors, features of a complex trait (see p. 34). Should this be the case, conventional
positional cloning methods will invariably miss major genes relevant for epilepsy,
because it does not allow the detection of genetic variants associated with smaller effect
on the phenotype, as expected in polygenic epilepsies. These studies on monogenic
epilepsies have nonetheless led to the identification of specific molecular mechanisms
responsible for the disease. In addition, genotype-phenotype correlations provided food

for revision of clinical classification of epileptic syndromes.

Clinical heterogeneity and classification of epileptic syndromes

Detailed clinical evaluation of families with epilepsy has been found to be of great
value in the identification of epilepsy genes. However, the current classification of
epileptic syndromes has been challenged by the findings of molecular genetics. The most
striking example is mutations in the SCN/A4 gene, which have been found to cause a large
spectrum of epileptic syndromes, including: febrile seizure alone, idiopathic generalized
epilepsy, partial epilepsy, myoclonic-astatic epilepsy, and severe myoclonic epilepsy of
infancy (Escayg et al. 2000b; Claes et al. 2001; Sugawara et al. 2001a; Sugawara et al.
2001b; Wallace et al. 2001b). All of these epileptic syndromes were a priori very
different in terms of clinical manifestations, intellectual disturbance, and prognosis. It is

only a posteriori that febrile seizure has been found to be present in all individuals with
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mutation in SCN14. Therefore, although the study and grouping of specific epileptic
syndromes have been initially found to be successful for the identification of epilepsy
genes, further studies revealed that the same gene could predispose towards various
epileptic syndromes that were believed to be distinct. Whereas mutations in EFHC gene
that are associated with classical JME only, (Suzuki et al. 2004), mutations in most of the
IGE genes identified so far (GABRAI, GABRG2, GABRD, and CLCN2) are rather
associated with a variety of classical IGE phenotypes, including juvenile myoclonic
epilepsy (JME), juvenile absence epilepsy (JAE), childhood absence epilepsy (CAE), and
epilepsy with grand mal seizures on awakening (EGMA) (Table 10) (Baulac et al. 2001; |
Wallace et al. 2001a; Cossette et al. 2002; Haug et al. 2003; Dibbens et al. 2004;
Maljevic et al. 2006). Several observational studies previously proposed that these
syndromes, although considered to be distinct entities in the current classification, rather
represent a biological continuum (see p.6). Genotype-phenotype correlations, although
from a limited number of families, further support this hypothesis. However, additional
data will be needed in order to explore potential overlap between these various epileptic
syndromes. Eventually, these findings should contribute to a revised, molecular-based,

classification of IGE.

Table 10. Monogenic forms of classical idiopathic generalized epilepsy

Genes Phenotype Reference

GABRA1 JME, CAE : Cossette, 2002; Maljevic, 2006

GABRG2 GEFS+, CAE Baulac, 2001; Wallace, 2001a;
Harkin, 2002; Kananura, 2002

GABRD GEFS+, JME Dibbens, 2004

CLCN2 JME, JAE, EGMA, CAE Haug, 2003; D’ Agostino, 2004

EFHC IME v Suzuki, 2004
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Endophenotypes: the case of learning disorders

Nonsense mutations in SCNI/A have been systematically associated with severe
myoclonic epilepsy of infancy (SMEI), a severe form of epilepsy associated with mental
retardation (Claes et al. 2001; Turnbull et al. 2005). A small proportion of individuals
with less severe mutation in the SCN14, including the D188V described in chapter two,
also exhibit mental retardation (Wallace et al. 2001b; Cossette et al. 2003). These
observations raise the possibility that mutations in SCNIA4 not only predispose to
epilepsy, but also to impaired cognition. However, based on animal studies, many
authors argued that cognitive and behavioural impairments observed in epileptic
individuals may result from repetitive seizures and/or the administration of anti-epileptic
drug in the developing brain (see p. 16). Together with additional yet unidentified
environmental factors, these may thus be responsible for impaired cognition in
individuals with mutation in SCNI14.

Detailed examination of individuals carrying the Q555X mutation in SYNI, described
in chapter 4, unexpectedly revealed a high frequency of a specific language disorder.
Whereas learning disorders and mental retardation are common findings in epileptic
population, specific association with dyslexia and specific language impairment has been
rarely reported (see p.18). In turn, autism-spectrum disorder is more common in epileptic
individuals, compared to the general population (Olsson et al. 1988; Rapin 1997). In
chapter 4 of this thesis, we have shown that seven females and one male carrying the
Q555X mutation in SYN! respectively exhibit dyslexia and autism-spectrum disorder,
even though they never experienced seizures. This observation suggests that mutation in
SYNI not only predisposes to temporal lobe epilepsy, but also to reading impairment, and

potentially autism-spectrum disorder in the absence of epilepsy. Interestingly, SYNI
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knock-out mice not only exhibit reduce seizure threshold, but also impaired learning
process (Baldelli et al. 2005). Screening of additional cases with various learning

disorders will be needed in order to validate this hypothesis in Humans.

Impaired membrane excitability caused by mutations in sodium channels

So far, 14 missense mutations in SCN/4 have been identified, accounting for
approximately 10% of GEFS+ families tested (Turnbull et al. 2005). In functional
assays, these missense mutations produce subtle changes in biophysical parameters of
channel activity such as increased persistent current and alterations in voltage-dependent
gating (Spampanato et al. 2001; Lossin et al. 2002; Lossin et al. 2003; Spampanato et al.
2003). One GEFS+ mutation in the C-terminal cytoplasmic domain of SCN14 was
shown to reduce interaction with the 1 subunit (Spampanato et al. 2004).
Electrophysiological analysis of D188V mutant channels expressed in HEK cells, as
described in chapter two of this thesis, revealed that this mutation causes decreased
cumulative inactivation of sodium current during high frequency channel activity, an
effect compatible with membrane hyperexcitability.

In addition to inherited mutations, it is now clear that de novo mutations of SCN14
account for approximately 50% of patients with severe myoclonic epilepsy of infancy
(SMEI), a severe, early-onset epilepsy accompanied by intellectual deterioration (Claes et
al. 2001; Sugawara et al. 2002). Nearly 200 independent mutations have been identified
in affected children, and more than 90% of tested cases were sporadic (Turnbull et al.
2005). Approximately half of the SMEI mutations are nonsense mutations resulting in

truncation of the channel protein and loss of channel activity. Phenotypic severity is
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comparable for truncations close to the N-terminus of the protein and those close to the
C-terminus (Turnbull et al. 2005). In addition, complete or partial deletion of SCN1A
have been recently found in individuals with SMEI (Madia et al. 2006; Mulley et al.
2006), suggesting that haploinsufficiency and loss of function of SCNIA are responsible
for SMEI. Furthermore, it was recently shown that many missense mutations in SMEI
patients also result in a loss of function (Rhodes et al. 2004; Ohmori et al. 2006). Taken
together, these data suggest that the spectrum of severity of SCN1A4-related epilepsies
could be partially explained by the severity of sodium channel dysfunction, culminating
with the devastating loss-of-function mutations found in SMEI.

A few mutations have been identified in the closely related channel SCN24, located
600 kb downstream from SCNIA4 (Turnbull et al. 2005). One missense mutation in
SCN24 was found in a GEFS+ family (Sugawara et al. 2001b), and six missense
mutations were identified in patients with benign familial neonatal-infantile seizures, a
mild syndrome that presents and remits in the first year of life (Heron et al. 2002;
Berkovic et al. 2004). Finally, one truncation mutation in SCN24 was identified in a
patient with intractable epilepsy resembling SMEI (Heron et al. 2002; Berkovic et al.
2004).

The Na channel  subunits (f1-4) are small transmembrane proteins with an
extracellular IgG loop. Association with the  subunit influences o subunit trafficking,
stability, and channel gating (Isom 2001). Two different mutations in the B1 gene SCN/B
have been identified in patients with GEFS+ (Wallace et al. 1998; Audenaert et al. 2003).
As many of the SCN14 missense mutations found in GEFS+ patients, it seems that the

major effect of these mutations is to delay Na channel inactivation.
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Impaired synaptic transmission caused by mutations in GABA4 receptor subunits

GABA, receptors are ligand-gated chloride channels that mediate fast inhibition in the
central nervous system. Their molecular structure comprises a heteropentameric protein
complex assembled from 17 different classes of subunits (a1-6, $1-4, y1-3, 8, €, w, and 0).
So far, epilepsy-causing mutations have been identified in GABRG2 (Baulac et al. 2001;
Wallace et al. 2001a; Harkin et al. 2002; Kananura et al. 2002), GABRA (Cossette et al.
2002; Maljevic et al. 2006) and GABRD (Dibbens et al. 2004) encoding respectively the
al, y2 and  subunits. As described for the GABRA 1 432;p mutation in chapter two of this
thesis, in vitro functional studies have revealed that the majority of these mutations result
in a reduction of GABA-activated chloride currents. In at least two mutations in
GABRG?2 (Q351X, R43Q) (Harkin et al. 2002; Kang and Macdonald 2004) and two
mutations in GABRAI (A322D, S3261s328X) (Krampfl et al. 2005; Maljevic et al. 2006),
it has been shown that the reduction in the amplitude of GABA-evoked current was due
to reduced surface expression of receptor protein, caused by retention of mutant receptors
in the endoplasmic reticulum. Finally, in GABRD, two missense mutations are associated
with GEFS+ (Dibbens et al. 2004). One of these GABRD mutations (E177A), like
mutations in GABRG2 and GABRA I, results in decreased amplitude of GABA-evoked
currents, but the other (R220C) does not. Whether it is a rare neutral vériant, oris
associated with more subtle effects on the GABA, receptor remains to be determined. In
the same study, another variant in GABRD (R220H) was detected in a JME family, but it
was also present in the general population with a frequency of 4.2% (Dibbens et al.
2004). Interestingly, this R220H polymorphism is nonetheless associated with reduced

peak amplitude of GABA-evoked current, which is expected to increase neuronal
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excitability. The role of this functional polymorphism in epilepsy with complex
inheritance needs to be clarified by larger cohort of IGE individuals. However, this and
similar functional polymorphisms may represent candidate genes with small effect on the
phenotype, as it is anticipated for common epilepsies with complex inheritance, such as
JME and CAE.

Surprisingly, knock-out of genes encoding for various GABA, receptor subunits,
including a1, a5, y3, or §, are not associated with epileptic phenotype in mice (Culiat et
al. 1994; Collinson et al. 2002; Kralic et al. 2002; Peng et al. 2002; Noebels 2003).
However, targeted deletion of GABRG2 in mice is lethal after birth, and mutants exhibit
abnormal episodes of hyperactivity that might be compatible with neonatal seizures
(Gunther et al. 1995; Oberbauer et al. 2003). In addition, deletion of B3 in mice is
associated with severe seizure disorder (Homanics et al. 1997; DeLorey et al. 1998). So

far, no mutation has been described in GABRB3 in Humans.

Impaired membrane excitability caused by mutations in chloride channels

Five epilepsy mutations have been identified in the CLCN2 gene, three of which have
been subject to functional studies (Haug et al. 2003; D'Agostino et al. 2004). CLCN2 is
encoding the voltage-gated chloride channel CIC-2, which is strongly expressed in the
brain, and notably localized in GABAergic interneurons (Sik et al. 2000). Whole-cell
patch-clamp recordings of recombinant CIC-2 channels harbouring either M200fsX231 or
del74-117 mutations did not yield detectable chloride currents, compatible with a loss of
function (Haug et al. 2003). There are several experimental evidences that CIC-2

channels are playing an important role in establishing and maintaining a low intracellular
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chloride concentration, which is essential for neuronal inhibition mediated through
GABA, receptors. Therefore, it is expected that loss of function mutations involving the
CIC-2 channel will result in impaired chloride efflux, resulting in an abnormal
intracellular accumulation of chloride. These mutant channels are thus expected to lower
the transmembrane gradient that is essential for GABAergic inhibition, resulting in an
increased excitability in neurons, which may lead to seizures. Interestingly, during brain
development, as well as in pathological conditions (e.g. high frequency stimulation of
pyramidal neurons of the hippocampus), such an intracellular accumulation of chloride
may occur, resulting in reversal of the normal chloride gradient across the cell membrane
(Kaila et al. 1997; Rivera et al. 1999). Under these conditions, GABA, receptors activity
has been shown to exhibit reduced inhibitory, and eventually excitatory activity.

In contrast, the G715E mutation seems to cause the disease by a different mechanism.
Indeed, patch-clamp recordings have shown that this mutation alters the chloride
dependence of CIC-2 gating, resulting in an increase outward chloride current during
repolarization. This gain of function may induce recurrent membrane depolarisation
beyond action potential threshold, which can eventually lead to membrane depolarisation
and neuronal hyperexcitability (Haug et al. 2003). More recently, two additional
missense changes have been found in CLCN2 in small nuclear families (D'Agostino et al.
2004). Functional studies of these variants are pending. Surprisingly, CLCN2-knockout
mice do not exhibit epileptic phenotype (Bosl et al. 2001; Nehrke et al. 2002).

Overall, mutations in CLCN2 have been shown to alter chloride gradient across the
cellular membrane, which may eventually impair GABAergic neurotransmission in the

brain. These findings are consistent with loss-of-function mutations found in at least
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three different subunits of the GABA, for related epileptic syndromes. Taken together,

these results suggest that impairment of the inhibition mechanisms mediated through the
GABA, receptors is central in the pathophysiology of the classical IGE with autosomal

dominant inheritance.

Impaired synaptic transmission caused by mutations in Synapsin 1

Synapsins are a family of neuron specific proteins that associate with synaptic vesicles
(SV) (Greengard et al. 1993; Hilfiker et al. 1999). Three mammalian synapsin genes
(SYN1/2/3) have been identified (Sudhof et al. 1989; Kao et al. 1998). All synapsins are
highly expressed in the central nervous system, particularly in the temporal lobe and
hippocampus (Matus-Leibovitch et al. 1997). Each of these genes is subject to alternative

splicing of the last exon, resulting in at least nine isoforms (Fig. 1) (Porton et al. 1999).
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Figure 1. Different isoforms of synapsins (from Baldelli et al., 2005).
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The N-terminal portion of synapsins is well conserved (domains A, B, C), whereas the
C-terminal portion is more variable (domains D, E, F, G, H, I, J). Synapsins bind, in a
phosphorylation manner, to phospholipids and protein constituents of the synaptic
vesicles, as well as to components of the cytoskeleton such as actin, tubulin, and spectrin
(Baines and Bennett 1985; Baines and Bennett 1986; Bahler and Greengard 1987,
Hilfiker et al. 1998). Synapsins interact with several protein kinases (Matsubara et al.
1996; Hilfiker et al. 1999) and other elements of cellular signaling pathways (Cousin et
al. 2003; Tu et al. 2003). In particular, synapsins contain 11 minimal XPXXP motifs for
interaction with the Src homology 3 (SH3) domains, and they have been shown to
interact with an array of SH3 domains belonging to proteins involved in signal
transduction, cytoskeleton, or endocytosis (Onofri et al. 2000; Giovedi et al. 2004).
Disruption of synapsin in a variety of experimental models has been associated with: 1)
increase in synaptic depression, indicating that synapsins are required to sustain
neurotransmitter release during high levels of neuronal activity (Li et al. 1995; Pieribone
et al. 1995; Rosahl et al. 1995); 2) decrease in the number of SV in the periphery of the
active zone, suggesting that synapsins participate in transmitter release ny regulating the
reserve pool of SV (Baldelli et al. 2005); 3) perturbation of short-term synaptic plasticity,
such as post-tetanic potentiation (Rosahl et al. 1993; Rosahl et al. 1995; Humeau et al.
2001), and 4) alteration in the post-docking step of the release process (Hilfiker et al.
1998; Humeau et al. 2001) (Fig. 2). Finally, there is growing evidences supporting that
synapsins play an important role in the formation and maintenance of synaptic contacts,
elongation of undifferentiated processes, and their differentiation into axon and dendrites

(Ferreira and Rapoport 2002).
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Figure 2. The effects of synapsins on synaptic vesicles release is a dynamic process.
Dephosphorylated synapsins inhibit synaptic transmission and promote the recruitment of
synaptic vesicles (SV) to the reserve pool by binding to both SV and actin. Upon activity
dependant phosphorylation (step 1), synapsins dissociate from SV and actin and diffuse
within the nerve preterminal regions of the axons. By acting at the active zone level,
synapsins increase the rate of the post-docking events of priming and/or fusion, probably
by interacting with the submembrane cystoskeleton meshwork or by removing the

inhibitory action of Rab3 on the fusion process (from Baldelli et al., 2005).
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Two phosphorylation sites for Ca+/calmodulin-dependent protein kinase (CaMK) II
reside in domain D of the synapsin 1 (Fig 1C, p.108). Inactivation of these CaMKII sites
has been shown to impair the binding of SYN! with both actin and synaptic vesicles (Chi

etal. 2001). In addition, COOH-terminal regions of SYN! bind to Src homology 3
domains (SH3) (Onofri et al. 2000), and Rab3 proteins (Giovedi et al. 2004), which are
believed to play an important role in the activity-dependent regulation synaptic vesicle
recycling. Truncation of SYNI caused by the Q555X mutation described in chapter three
of this thesis is thus prédicted to lead to dramatic changes in the binding properties of
SYNI, which could impair neurotransmission. In a preliminary study, we have shown
that knockdown of Syn/ in zebrafish results in a severe motor deficit due to the loss of
sustained synaptic transmission (Fig 2, p.110). This phenotype is partially rescued by
overexpression of human SYN/, but not by a SYN1qsssx associated with TLE and
language disorders, suggesting that this mutation is indeed pathogenic. Garcia et al
previously reported a W356X mutation in SYNI (Garcia et al. 2004). In this latter family,
affected males exhibit a mixture of neurobehavioural disturbance including epilepsy
.(n=8), learning disorder (n=3), episodic aggressive outbursts (n=3), and autism (n=1).
As in the AB family described in this thesis, epilepsy with complex partial seizures
appears to be the most robust phenotype in affected males. Taken together, these data
confirm that nonsense mutations in SYN! predispose towards idiopéthic partial epilepsy
in males.

These observations are also consistent with the phenotype observed in Syn/ KO mice.
Each synapsin has been inactivated in mice (KO) (Baldelli et al. 2005). Despite the

absence of gross defect in brain anatomy, SYNI and SYNV2 KO mice exhibit spontaneous
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seizures, whereas SYN3 KO mice does not show epilepsy. Crossing of these KO mice
allow the study of double SYN1/2 and triple SYN1/2/3 KO mice, which exhibit the same
epilepsy phenotype. The>incidence of seizure is higher in SYN2 KO mice, and is
proportional to the number of inactivated synapsin. In SYNI, as well as in triple KO
mice, impaired synaptic transmission is more striking in inhibitory synapses
(GABAergic), compared to excitatory synapses (glutamatergic) (Terada et al. 1999;
Gitler et al. 2004). This imbalance has been attributed to the fact that GABAergic
interneurons experience high frequency firing rate, making them more vulnerable to
depletion of the SV reserve pool. This relative loss of inhibitory transmission is believed
to underlie the epilepsy phenotype observed in synapsins KO mice. Interestingly, in
addition to the synapsins, disruption of several pre- and post-synaptic genes was also

associated with epilepsy in mice (see p.27).

Molecular mechanisms in monogenic epilepsies: summary

With the identification of mutations in over 20 genes predisposing to idiopathic
epilepsy in Humans (Meisler et al. 2001; Noebels 2003; Gourfinkel-An et al. 2004), as
well as more than 121 genes leading to epilepsy-related phenotypes in mice (Noebels
2003), we can now try to‘better define which biological pathways are leading to the
disease. With respect to fhese findings, inherited idiopathic epilepsies can be divided into

three broad functional categories:

(1) Primary defects of membrane excitability. Examples in Humans include mutations in
genes encoding for voltage-gated sodium (SCNI14, SCN24, SCN1B) (Wallace et al. 1998;

Escayg et al. 2000b), potassium (KCNQ2, KCNQ3, KCNAI, KCNMAI) (Biervert et al.
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1998; Charlier et al. 1998; Singh et al. 1998; Zuberi et al. 1999; Eunson et al. 2000; Du et
al. 2005), calcium (CACNA1H, CACNB4) (Escayg et al. 2000a; Chen et al. 2003; Heron
et al. 2004; Khosravani et al. 2004; Khosravani et al. 2005; Vitko et al. 2005), and
chloride channels (CLCN2) (Haug et al. 2003; D'Agostino et al. 2004). In addition,

mutations in various ion channel genes may also cause epilepsy in mice (Noebels 2003);

(2) Defects in synaptic signalling. Examples in Humans are so far restricted to fast
synaptic transmission, including mutations in GABRAI, GABRG2, and GABRD, encoding
for the al, y2, and & subunit of the GABA, receptor (Baulac et al. 2001; Wallace et al.
2001a; Cossette et al. 2002; Harkin et al. 2002; Kananura et al. 2002; Dibbens et al.
2004), as well as in CHRNA2, CHRNA4 and CHRNB?2, encoding for the a2, a4 and 2
subunits of the nicotinic acetylcholine receptor (Steinlein et al. 1995; De Fusco et al.
2000; Aridon et al. 2006). These mutations, respectively in ligand-gated chloride and
sodium channels are additional examples of a channelopathy at the synaptic level.
Mutations in LG/1 are associated with impaired secretion of this glycoprotein and failure
to bind its ligand ADAM?22, which probably lead to abnormal AMPA receptor-mediated
synaptic transmission in the hippocampus (Senechal et al. 2005; Fukata et al. 2006;
Sirerol-Piquer et al. 2006). Finally, disruption of genes involved in GABAergic,
glutamatergic, cholinergic and serotoninergic fast synaptic transmission has also been

associated with epilepsy in mice (Noebels 2003);

(3) Defects in neurotransmitter release machinery. Defects in genes encoding for various

proteins involved in the mobilization of neurotransmitter, as well as synaptic vesicle
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trafficking and exocytosis, are also associated with epilepsy in mice. Examples of these
mechanisms include: SYN 1/2 knock-out, resulting in decreased size of the presynaptic
vesicle pool, predominantly in inhibitory neurons (Rosahl et al. 1995; Terada et al. 1999);
Sv2A knock-out, resulting in altered mobility of the releasable pool of synaptic vesicles
(Crowder et al. 1999); AP35 and ZNT3 knock-out, resulting in incomplete synaptic
vesicle assembly (Kantheti et al. 1998; Cole et al. 2000). In this thesis, we have shown
that mutations in SYNI are associated with abnormal synaptic transmission and temporal
lobe epilepsy in Humans, as previously suspected by another group of investigator
(Garcia et al. 2004). Finally, in addition to genes involved in the presynaptic vesicle
release apparatus; disruption of genes encoding for post-synaptic cytoskeletal scaffolds
(e.g. ADAM22, PSD-95, stargazin) are also associated with epilepsy in mice (Letts et al.
1998; Sagane et al. 2005).

Additional mechanisms are most likely involved in idiopathic epilepsies, although
these remain to be demonstrated. As an example, abnormal development of the temporal
neocortex has been described in rare individuals with mutations in LGIJ (Kobayashi et al.
2003). Interestingly, inactivation of LGI] has been found in glioblastoma, suggesting
that LGII1 may also act as a tumor suppressor gene (Chernova et al. 1998). Moreover,
based on sequence homology, it has been suggested that LGII could be involved in
neurogenesis, axon guidance and synaptogenesis (Scheel et al. 2002). Perturbation of
LGI1 may thus be associated with either abnormal synaptic transmission in excitatory
neurons, or abnormal development of neural networks, or both. Finally, autosomal
dominant juvenile myoclonic epilepsy has been associated with mutations in EFHCI

(Suzuki et al. 2004). This gene encodes a protein with an EF-hand motif involved in
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calcium binding, but its exact function remains unknown. Overexpression of EFHCI in
mouse hippocampal primary culture neurons induced apoptosis that was significantly
lowered by the mutations found in JME families (Suzuki et al. 2004). It is possible that
EFHCI mutations result in insufficient apoptotic shedding of unnecessary neurons during
development, and produce an imperfect, overpopulated and epileptogenic, cerebral
network. This latter hypothesis is supported by pathological and imaging studies, which
have shown thickened cerebral cortex, and cortical dysplasia in JME patients (Turnbull et
al. 2005). Further work will be needed in order to validate these latter mechanims. As
observed in individuals with mutation in LGI1, abnormal membrane excitability or
altered synaptic transmission observed in other monogenic epilepsies may ultimately
pertub the normal wiring of the brain, which may not be easily detected on conventional
brain imaging. Presumably, these abnormal networks would be more susceptible to
abnormal firing and dysfunction, potentially underlying both epilepsy and associated

cognitive impairment.
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Abstract

Juvenile myoclonic epilepsy (JME) belongs to the most common forms of hereditary epilepsy, the idiopathic generalized epilepsies.
Although the mode of inheritance is usually complex, mutations in single genes have been shown to cause the disease in some
families with autosomal dominant inheritance. The first mutation in a multigeneration JME family has been recently found in the
a4-subunit of the GABAA receptor (GABRAT), predicting the single amino acid substitution A322D. We further characterized the
functional consequences of this mutation by coexpressing a4-, B2- and vz-subunits in human embryonic kidney (HEK293) cells. By
using an ultrafast application system, mutant receptors have shown reduced macroscopic current amplitudes at saturating GABA
concentrations and a highly reduced affinity to GABA compared to the wild-type (WT). Dose~response curves for current amplitudes,
activation kinetics, and GABA-dependent desensitization parameters showed a parallef shift towards 30- to 40-fold higher GABA
concentrations. Both deactivation and resensitization kinetics were considerably accelerated in mutant channels. In addition, mutant
receptors labelled with- enhanced green fluorescent protein (EGFP) were not integrated in the cell membrane, in contrast to WT
receptors. Therefore, the A322D mutation leads to a severe loss-of-function of the human GABA4 receptor by several mechanisms,
including reduced surface expression, reduced GABA-sensitivity, and accelerated deactivation. These molecular defects could
decrease and shorten the resulting inhibitory postsynaptic currents (IPSCs) in vivo, which can induce a hyperexcitability of the

postsynaptic membrane and explain the occurrence of epileptic seizures.

Introduction

Epileptic seizures are caused by abnormal, paroxysmal, synchronized
discharges of neurons in the brain that can be induced by structural
lesions such as tumours or stroke, or by genetic alterations. The
idiopathic generalized epilepsies (IGE) are the most common inherited
forms of epilepsy, comprising four major subtypes: childhood and
juvenile absence epilepsy, juvenile myoclonic epilepsy (JME) and
epilepsy with Grand-Mal seizures on awakening. While the mode of
“inheritance of IGE overall is rather complex, an increasing number of
families with Mendelian inheritance have been identified, suggesting a
-single genetic defect with high penetrance. Due to the fundamental role
of ion channels in membrane excitability, these proteins were always
suspected to participate in the pathogenesis of epilepsy, but it is only
recently, that direct evidence proving this assumption has been
provided. Indeed, in the recent ten years, mutations in ion channel
encoding genes have been detected as an underlying cause of different
idiopathic epileptic syndromes with autosomal dominant inheritance
(Mulley et al., 2003; Noebels, 2003; Lerche e? al., 2004). Specifically,
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mutations in the y,-subunit of the GABA, receptors have been
described in generalized epilepsy with febrile seizures plus (GEFS*)
and related syndromes, in which afebrile and febrile seizures occur very
heterogeneously in large pedigrees (Baulac et al., 2001; Wallace et al.,
2001; Harkin et al., 2002; Kananura et al., 2002). In families with
classical forms of IGE without febrile seizures, the first mutatioh has
been identified in a family with JME in the o;-subunit of the GABA,
receptor, in which an alanine in the third transmembrane domain is
replaced by an aspartate (A322D) (Cossette et al., 2002). Mutations in
the chloride channel CIC-2, a protein involved in maintaining the
transmembrane chloride gradient essential for an inhibitory GABA
response, were recently detected in all four common suptypes of IGE
(Haug et al., 2003). Thus, impaired GABAergic synaptic inhibition
seems to be a common pathophysiological mechanism in generalized
idiopathic epilepsy syndromes (GEFS" and IGE).

GABA, receptor channels mediate fast inhibitory synaptic trans-
mission in the brain. Upon binding of GABA, the channels open a
chloride pore allowing the passive flow of chloride ions following
their transmembrane gradient. When the intracellular chloride con-
centration is physiologically low, this leads to a stabilization of the
membrane potential near the resting potential by membrane hyperpo-
larization or by ‘shunting’ depolarizing synaptic inputs. A great
diversity of GABA, receptor subtypes with distinct kinetic and
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pharmacological propetties is generated by different combinations of
subunits. Based on their sequence homologies, the cloned subunits are
grouped into six families (ot;_g, Pi-3, Y1-3. O, € w). Functional
channels occur as pentameric heteromers. The most common subunit
combination in the brain is two a;-, two B,- and one y,-subunit
(Mohler et al.; 1996; Mehta & Ticku, 1999; Sieghart & Sperk, 2002).

The A322D mutation of the a-subunit causing juvenile myoclonic
epilepsy has been shown to reduce the maximal peak current
amplitude of macroscopic GABAergic currents by shifting the dose—
response curve for GABA to much higher concentrations (Cossette
et al., 2002). Loss-of-function mechanisms have been also described
for the other GABA, receptor mutations detected in the y,-subunit
(Baulac et al., 2001; Wallace et al., 2001; Bianchi er al., 2002;
Ramakrishnan & Hess, 2004). A more detailed electrophysiological
analysis of the A322D mutation, when inserted in rat GABA 4 receptor
channels, additionally revealed a shorter deactivation phase of
macroscopic currents as well as a shorter open dwell time of single
channel openings (Fisher, 2004).

GABA-induced currents are characterized by a rapid rising phase in
the submillisecond range, concentration-dependent triphasic desensi-
tization kinetics and fast deactivation after cessation of the agonist
application (Jones & Westbrook, 199S5; Haas & Macdonald, 1999;
Krampfl et al., 2000; Schlesinger et al., 2004). These kinetic details
can be only resolved with an ultrafast perfusion technique mimicking
release of GABA into the synaptic cleft and inducing the following
postsynaptic receptor activation (Franke ef al., 1987). The main goal
of our study therefore was to further characterize the functional impact
of the A322D mutation causing autosomal dominant JME in humans.
For this purpose, we applied the patch-clamp technique in combina-
tion with ultrafast agonist application to study the kinetic details of the
A322D mutation. In addition, we studied surface expression of the
mutant and wild-type (WT) receptors using tagged constructs linked to
the green fluorescent protein in combination with confocal laser
scanning microscopy.

Materials and methods
c¢DNA constructs

cDNAs encoding the three different human GABA A subunits (o, B,
and y;) were previously subcloned into the pcDNA3.1(-) vector
(Invitrogen Corporation, Carlsbad, CA), and the mutation A322D
introduced using the QuickChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA; Cossette ef al, 2002). For confocal
fluorescence studies, the enhanced green fluorescent protein (EGFP)
coding sequence from the pEGFP-C1 vector (Clontech, Palo Alto,
CA) was inserted at the N-terminus, between amino acids four and five
of the mature WT and mutated GABA 5 a,-subunit using a PCR-based
recombination technique. This position was shown to be functionally
silent for the y;-subunit (Kittler et al., 2000). All constructs were
completely sequenced to confirm the mutation and insertion of EGFP.

Cell culture and transfection

Human embryonic kidney (HEK293) cells were cultured and transi-
ently transfected by electroporation or calcium-phosphate using
standard procedures as previously described (Krampfl et al., 2002a).
Transient cotransfections were performed in a ratio of 1 :1:2 for
oy i PBaiyrorapazan: Ba:ya,and 1:1: 1 :2 for cotransfection
of o, ®_a3220s B2, and v,. Transfected cells were replated on glass
coverslips in DMEM containing 10% fetal calf serum (FCS) and
incubated for 15-18 h.
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Electrophysiological recordings

" Patch-clamp measurements for fast application experiments were

performed on outside-out excised patches or small cells lifted from the
bottom in the whole cell mode. Patch pipettes were pulled from
borosilicate glass tubes in two stages with a horizontal DMZ pipette
puller (Zeitz Instruments, Augsburg, Germany). They were coated
with Sylgard and fire-polished. Pipette resistance was 4-8 MQ for
whole cell recordings and 7-10 MQ for outside-out recordings when
filled with intracellular solution containing (in mM): 140 KCl,
11 EGTA, 10 Hepes, 10 glucose, 2 MgCl,. HEK293 cells were
superfused with an extracellular solution containing (in
mM): 162 NaCl, 5.3 KCl, 2 CaCl,, 0.67 NaH,PO,, 0.22 KH,PO,,
15 Hepes, 5.6 glucose. The pH of both solutions was adjusted to 7.3.
The osmolarity of both solutions was adjusted to 340 mosm/L with
mannitol. Using this solutions with relatively high osmolarity in
experiments with HEK293 cells, we observed stable recording
conditions that did allow for whole cell experiments lasting longer
than 30 min (Krampfl et al., 2002a,b). There were no junction
potentials and the extracellular and intracellular solutions used should
not influence the analysed parameters of the recorded ionic currents
through GABA 4 receptor channels that were investigated in our study.
The holding potential was kept between —40 and —~80 mV except for
experiments on voltage dependence when the holding potential was
varied between +60 and —80 mV (no rectification observed). Data
were recorded with an Axopatch200B patch-clamp amplifier (Axon
Instruments, Union City, CA, USA). For outside-out recordings, the
low-pass filter of the Axopatch200B patch-clamp amplifier was set at
100 kHz, and ensemble currents were sampled with 20 kHz using a
Digidata 1200 Interface and pCLAMPS6 software (Axon Instruments,
Union City, CA, USA). For further analysis, data were digitally
filtered at 5 kHz. Whole cell recordings were performed with the low-
pass filter set at 2 kHz and a sampling rate of 5 kHz. The ANOVA
routine of ORIGIN 7 software (OriginLab Corporation, Northampton,
MA, USA) was used for statistical analysis. Differences were
considered significant at the P < 0.05 or higher levels. All data were
given as means + SEM.

Fast application technique and data evaluation

A piezo-driven ultrafast perfusion system was used for application of
the neurotransmitter GABA (0.1 pM~100 mM) to excised outside-out
membrane patches or small cells, as previously described (Franke
et al., 1987; Krampfl et al., 2002a,b). With our system, the time for
solution exchange was regularly <100 pus and at best =50 ps
(10-90% rise time). It was estimated by measurements of liquid
junction potentials with a ten-fold difference in ionic strength at the tip
of leaky patch pipettes at the end of the experiments. GABA or
phenobarbital was applied using agonist pulses of 1, 5, 400, or
2000 ms duration and with intervals ranging from 30 to 3000 ms
between two successive $ ms pulses in paired pulse experiments. For
paired pulse inhibition analysis the current remaining from the first
pulse (in case of brief interpulse intervals) was subtracted from the
absolute peak of the second amplitude, thus generating a relative
amplitude measurement (Bianchi et a/., 2002; Mohammadi et a/.,
2003). Dose-response experiments were performed on small cells
lifted from the bottom because of more stable recording conditions.
Pulse protocols were designed with alternating applications of a
saturating concentration and lower concentrations for normatization of
the current responses to lower concentrations of agonist to that upon
saturating agonist concentrations. Each parameter at a nonsaturating
agonist concentration was normalized to the respective mean value
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derived from current traces at saturating concentrations of agonist
before and after trains of applications of lower concentrations. By this
approach, a potential influence of current run-down on dose-response
experiments was ruled out. For kinetic analysis in both whole cell and
outside-out recordings, the Simplex algorithm of the pCLAMPS6
software was applied to fit first to third order exponential functions to
the data points. Further exponential components were introduced until
they did not significantly improve the quality of the fit (Haas &
Macdonald, 1999). Curve fitting procedure was started with a single
exponential for each average current curve. Further exponentials were
added until the fit software showed no further time constant of the
respective curve. The standard deviation of each fit with was noted as
given by the pCLAMPS fit software (Mohammadi et al., 2003). These
standard deviation values were statistically tested for significance of
difference of their means (ANOvA). In case of a significantly reduced

standard deviation of the fit it was chosen. GABA and phenobarbital
were obtained from SIGMA (Taufkirchen, Germany).

Immunoblot analysis

HEK?293 cells were collected 48 h after transfection and lysed on ice
in a buffer containing 50 mm Tris-HCI (pH 7.2), 150 mM NaCl, 0.5%
sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 2.1 pg/mL
aprotinin, 2 pg/mL pepstatin and | mM phenylmethylsulphonyl
fluoride. After 15 min of centrifugation at 10 000 x g, the protein
concentration in the supernatant was measured using the BCA Protein
Assay Kit (Pierce, Rockford, IL, USA) and the same amount of total
protein for each transfection group was loaded in SDS sample buffer,
separated on a 8% SDS-PAGE gel and then transferred to a
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FI1G. 1. (A) Schematic view of the point mutation A322D in the third transmembrane domain of the human o, -subunit and the supposed pentameric structure of the
GABA, receptor composed of two o;-subunits, two f-subuits and one y,-subunit. (B) GABA concentration—response relationship for o B,y2 and oy.a3220B272-
Examples of individual whole cell current traces upon application of different concentrations of GABA as indicated. Different amplitude scales were used for WT
(o3 B272) and mutant (¢¢;.43220B272) receptors. The holding membrane potential was —~60 mV. Fast application of GABA at different concentrations was carried out
using a piezo-driven device, (C) Dose-response analysis. The peak current amplitude of individual GABA-induced currents from both WT (circles) and mutant
receptors (squares) was normalized to the maximal response from the wild-type receptors and plotted against the concentration of GABA. The Hill equation was
fitted to the data points, and the ECsq (concentration of a drug that produces 50% of its maximal effect, exact values are given in the text) and the Hill coefficient (ny)
were determined. ECsq values of GABA were 11.2 £ 0.6 pM for the WT (ny; = 1.35), and 485 + 40 um for mutant receptor channels (ny = 0.80). The A322D
mutation results in a lowered maximum response, and a rightward shift of the dose-response relation. In case of cotransfection of WT and mutant «,-subunits an
intermediate ECso of GABA of 40.4 + 7.7 pM (n = 5) with ny = 0.92 was observed (triangles).
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nitrocellulose membrane. The blot was probed with a polyclonal
antibody against EGFP (1 : 500; Chemicon, Temecula, CA, USA) and
with a horseradish peroxidase—conjugated goat antibody against rabbit
IgG (1 : 2500), and developed using the ECL Western blot detection
system (Amersham Biosciences, Piscataway, NJ, USA).

Confocal imaging

EGFP-tagged WT and mutant GABA 5 a,-subunits were cotransfected
with B;- and y,-subunits into HEK293 cells. Twenty-four hours after
transfection, cells were washed with PBS, treated with trypsin and
plated on glass cover slips coated with Poly L-Lysine. Images were
obtained using a confocal laser scanning microscope (Radiance, Bio-
Rad Hercules, CA, USA) 2448 h after transfection. EGFP was
excited with the 488-nm line of the argon ion laser. For detection of
fluorescence we used the band-pass filter 515/30 nm. A membrane-
labelling dye, FM4-64 (Molecular Probes Inc., Eugene, OR, USA)
was applied in a final concentration of 5 uM. The dsRed2-ER vector, a
marker for the endoplasmic reticulum, was obtained from Clontech
(Palo Alto, CA, USA) and transfected into HEK293 cells. The
fluorescence of both markers was measured using a HeNe laser,
excitation at 543 nm, emission at >570 nm. The laser power was
adjusted individually to obtain final images of equivalent brightness.
Therefore, differences in brightness do not reflect differences in
efficiency of protein expression among the constructs. Images were
processed using Adobe Photoshop software (ADOBE Systems,
Mountain View, CA, USA).

Results

For electrophysiological recordings, wild-type (WT) or mutant
(A322D) human GABA, receptor o;-subunits (Fig. 1A) were
cotransfected with B,- and vy,-subunits in a 1:1:2 ratio in
HEK293 cells. The whole cell or outside-out patch clamp technique
was applied in combination with a piezo-driven fast solution
exchange. Dose—response relationships were determined for activa-
tion, desensitization, and deactivation of GABA 5 receptors in whole
cell experiments due to the more stable recording conditions and larger
currents as compared to outside-out patches. However, as it is known
from previous studies with glutamate and GABA , receptor channels
using fast solution exchange techniques (Partin et al., 1996; Krampfl
et al., 2000, 2002a, 2002b), the kinetics of all GABA-dependent
gating processes are estimated considerably slower in whole cell
experiments compared to those using outside-out patches. Therefore,
the gating kinetics were additionally determined for WT and mutant
receptors using recordings in the outside-out configuration at satur-
ating GABA concentrations.

Dose-dependent activation of WT and mutant GABA, receptors

GABA was applied in 2-s-lasting pulses to lifted cells every 30 s to
avoid current run down or accumulation of receptor channels in long-
lived desensitized states (Haas & Macdonald, 1999; Krampfl ef al.,
2000). As can be observed in Fig. 1B, the peak current amplitude
increased seven- to eight-fold when the GABA concentration was
raised from 0.1 puM to 30 mM, and the current rise time decreased. For
the construction of dose—response curves, which are shown in Fig. 1C
as semilogarithmic plots, the peak current amplitude was normalized
to the one obtained after application of 10 mM GABA. The curve was
fitted using the Hill equation with a Hill coefficient (n;;) of 1.35 and
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0.80 for WT and mutant channels. The ECs, was determined to
11.2 £ 0.6 uM GABA for the WT, and 485 =40 uM for mutant
(o1-a3220B2Y2) GABAA, receptor channels (P = 0.0004), showing an
approximately 40-fold increase of the ECs, for the mutant (Fig. 1C).
To mimic the in vivo situation in affected, heterozygous patients, equal
amounts of mutant and WT a-subunits were cotransfected together
with B, and y2 ina 1 :1:1:2 ratio. We obtained an intermediate
ECso of 40.4 £ 7.7 uyM GABA (ny = 0.92) for these experiments
(n = 5, Fig. 1C). It was significantly different from the ECs, at WT
receptors (P = 0.018) as well as mutant receptors (P = 0.0006).

Saturation was reached at 1 mM GABA for the WT, similar to
previous studies of our group (Krampfl ef al., 2000), and at 30 mm
GABA for mutant receptors. The mean peak current amplitude, as
determined at saturating GABA concentrations in whole cell meas-
urements using small cells, was reduced by approximately four-fold
for mutant receptors; 624 £ 180 pA (n = 16) and 161 £27 pA
(n = 18) for WT and A322D, respectively (P = 0.0006). As the
single channel conductance was similar for both receptor types
(30 £ 3 pS for WT, n = 970 events in three different patches, and
29 + 4 pS for A322D mutant channels, n = 1211 events in four
different patches), and as there was no difference in voltage
dependence (data not shown), these results also suggest a considerably
reduced surface expression of A322D mutant receptors.

Rise time of GABA-induced currents

The activation kinetics of currents recorded from ligand-gated ion
channels upon fast agonist application are closely related to agonist
binding (Franke et a/., 1993; Clements et al., 1998; Ratner et al.,
2000; Krampfl ef al., 2002b). In addition to the observed rightward
shift of the peak current dose-response curve of mutant compared to
WT receptors, a corresponding behaviour of activation kinetics would
therefore support an underlying pathomechanism related to agonist
binding affinity or efficacy. As expected, we observed a dose-
dependent decrease of the current rise time for WT and mutant
receptor channels upon application of increasing GABA concentra-
tions. The double logarithmic plot of Fig. 2 (data from whole cell
measurements) reveals a large parallel rightward shift of the current
rise time dose~response curve for A322D mutant compared to
WT receptors, similar to that observed for current amplitudes
(Fig. 1C).
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Fi1G. 2. Analysis of current rise times in whole cell recordings. Dose
dependence of the 10-90% curent rise time in whole cell experiments shown
as a semilogarithmic plot as in Fig. 1C. A rightward shift of the dose-response
curve towards higher GABA concentrations is observed for mutant channels.
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alP2y2 “alp2y2
I mM GABA 30 mM GABA
100 pA
500 ps
a1(A322D)B2y2

I mM GABA

al(A322D)B2y2
30 mM GABA

25 pA

|25 pA

FIG. 3. Examples of the curtent rising phase recorded from outside-out patches upon ultrafast application of high agonist concentrations. In the experiments shown,
the 10-90% current rise time was 167 ps and 153 ps when 1 mM or 30 mM GABA was applied to WT (upper left and middle current trace), and 156 ps when
30 mM GABA was applied to mutant receptors (upper right current trace). Upon fast application of 1 mM GABA to mutant receptors, the current developed with a

10-90% rise time of 1890 ps (lower current trace).

As a fast agonist application in the ps range is required for the exact
kinetic analysis of the current rising phase at high agonist concen-
trations, we conducted those experiments also with outside-out
patches. To compare the kinetics of WT and mutant receptors, | mmMm
for WT and | or 30 mM GABA for mutant receptor channels were
applied. Raw currents recorded from outside-out patches showing
examples of the rising phase are presented in Fig. 3. The 10-90% rise
times upon application of 1 mM for WT and | or 30 mM GABA for
mutant receptors are given in Table 1. Upon application of 1 mMm
GABA, the rise time for mutant receptors was prolonged approxi-
mately six-fold compared to the WT (P = 2.2 x 10™"%), but with

30 mM GABA, the values for the mutant were similar to those
obtained with 1 mM GABA for the WT (no significant difference,
P = 0.11). These data reflect the 30- to 40-fold difference in GABA
sensitivity but do not indicate a fundamental difference in the
mechanism of channel gating (Fig. 3).

Dose dependence and kinetics of desensitization

Desensitization of inhibitory ionic receptors, i.e. a current decay in
the presence of the agonist, is one of the parameters that determines

TABLE 1. Kinetic analysis of WT and mutant A322D GABA, receptors using outside-out patches and ultrafast agonist application

WT, 1 mM GABA

A322D, 1| mM GABA A322D, 30 mM GABA

Rise time (10-90%, us) 371 £ 32 (n = 28)

Desensitization n =20
Tdes-fast (MS) 85+1.2
Tges-int (MS) 105.1 + 8.0
Tdes-slaw (ms) 866 = 79
Ades-fast 0.26 + 0.03
Ades-inc 0.33 £+ 0.09
Ades-slow 0.41 +£0.03
Cdes 0.10 + 0.04

Deactivation n=10
Tdeacr-fast (MS) 208 + 24
Tacact-glow (MS) 212 £ 41
Adcact-fast 0.57 £ 0.04

Resensitization n =1l
Tres-fagt (ms) 64
Tres-slow (ms) 544
Ares-fast 0.49

2060 + 120 (n = 4) 447 £ 31 (n = 43)

n=10 n =25
166 £ 7.1 8.1+£1.0
754 9.1 89.1 + 14.0
431.3 £ 55.0 550 + 70
0.08 £ 0.03 0.34 + 0.03
0.29 + 0.04 0.27 £ 0.02
0.63 £ 0.02 0.39 + 0.03
0.14 £ 0.04 0.11 £ 0.02
- n=15

- 76+ 1.1

-~ 89 + 28

- 0.66 + 0.04
- n=13

- 45

‘7" stands for the respective time constants of desensitization, deactivation, and resensitization; ‘a’ for the relative amplitudes of the respective time constants and ‘¢’
for the steady state current amplitude normalized to the peak current amplitude. ‘c’ was determined independently from the time constants, that is why the sum of the

relative amplitudes ‘@’ is equal to 1.

© 2005 Federation of European Neuroscience Societies, European Journal of Neuroscience, 22, 10-20



the time course of inhibitory postsynaptic currents (IPSCs). Its dose
dependence can be determined in concentration jump experiments in
which the agonist concentration can be exactly controlled during
prolonged applications. Currents in whole cell recordings were
nondesensitizing for up to 1 uM GABA for WT or 10 uM for
mutant A322D receptors. With higher GABA concentrations,
desensitization was increasingly accelerated. Its time course was
quantified by fitting first to third order exponential functions to the
current decay. The desensitization time constants were denoted as
Tdes-fasts Tdes-int AN Tgesslow fOT the fastest, intermediate and slowest
components, respectively (Fig. 4A and B). With increasing GABA
concentrations, the time constants of desensitization tended to
decrease only slightly (Fig. 4A and B), while faster components

a, By,
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were continuously added and their relative contribution increased
steadily (Fig. 4A-D). The concentration dependence for the WT
was very similar as previously described for rodent receptors (Haas
& Macdonald, 1999; Krampfl et al., 2000), whereas for mutant
receptors it was shifted towards 30- to 40-fold higher concentrations
(Figs 1B, and 4A and B).

Desensitization time constants and their relative amplitudes as
obtained from GABA-induced currents recorded in outside-out
patches are presented in Table 1. The main difference between
WT and mutant receptors at 1 mM GABA was a distinct decrease of
the relative amplitude of the fast component, which was only
detectable in one-third of the recordings with mutant receptors but in
all recordings derived from the WT. There was no significant
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Fi1G. 4. Dose dependence of GABA , receptor desensitization. (A and B) Time constants of desensitization as a function of the GAB{\ concentration. (C and D)
Relative amplitudes of time constants of desensitization. (E and F) Relative steady-state current amplitudes. Note the different concentration range of GABA plqtted
for WT and A322D mutant receptor channels. There is an obvious shift of desensitization parameters for mutant receptors towards higher GABA concentrations
paralleling that of peak current amplitudes and current rise times (Figs 1 and 2).
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difference in the relative amplitude of the steady-state current relative involving unbinding of the agonist, gating, and desensitization (Jones
to the peak current. When recordings with 30 mM GABA of the & Westbrook, 1995, 1996). As the time course of deactivation is most
mutant were compared to those with 1 mMm for the WT receptor, we closely related to the shape of the IPSC (Jones & Westbrook, 1995),
did not observe significant differences in any of the parameters changed deactivation properties are probably more important for the
(Table 1). Thus, the main change of the A322D mutation on pathophysiological role of the A322D mutation within the o,-subunit

desensitization kinetics is a marked rightward shift of the concen- than the altered desensitization parameters described above. The time
tration dependence without affecting desensitization kinetics per se course of deactivation was determined after 1-ms-lasting applications
(Figs 4A-D and 5A, Table 1). of saturating concentrations of GABA, i.e. 1 or 30 mM GABA for WT

or A322D mutant channels, respectively. Raw current traces are

L L presented in Fig. 5B. A second. order exponential function was best
Kinetics of deactivation fitted to the current decay yielding two time constants of deactivation,
The current decay recorded from GABA, receptors after removal of Tdeact-fast 3Nd Tgeacrsiows a5 Shown by statistical comparison of the
the agonist is defined as deactivation. It reflects a complex process standard deviations of the respective mono- and biexponential fits.

Q, BzYz al-A322DB2Y2
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I 20 pA : 100 pA
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Fi1G. 5. Ultrafast agonist application experiments using outside-out patches. 1 mM GABA was used for WT, and 30 mM GABA for mutant receptors. The holding
potential was ~60 mV. (A) Time course of desensitization at saturating agonist concentrations. The current decay in the presence of the agonist is best described by
the sum of three exponential functions. The desensitization parameters are similar at saturating GABA concentrations for WT (1 mM GABA) and A322D mutant
receptors (30 mM GABA). The following time constants were obtained for the raw current traces shown. WT (left) Tycefust = 6.4 MS Tyeeine = 241 ms,
Tdes-slow = 921 ms; A322D (right) Tgeg.puse = 14.9 M8, Tuesine = 147 MS, Tyes.siow = 844 ms. The average values obtained from all experiments are given in Table 1.
(B) Time course of deactivation after short applications of a saturating agonist concentration (the time point of the 1-ms-lasting application is indicated by arrows).
The fast and slow time constants describing the biexponential time course of deactivation were as follows: WT (left) Tyenct-tast = 21.5 MS, Tgcactstow = 165 ms;
A322D (right) Tecact.fae = 7.3 MS, Tdcacrstow = 75 Ms (compare to the average values in Table 1). For A322D mutant receptors, both components were
approximately two to three times faster. Approximately two-thirds of the current decay was carried by the faster time constant in both receptor types.
(C) Resensitization kinetics after 5-ms pulses of a saturating agonist concentration as studied by double pulse application with intervals of 30, 100, 300, 1000, and
3000 ms. A single exponential (T, = 45 ms) was fit to the average time course of relative resensitization recorded for mutant receptors (right), whereas a
biexponential time course (Teus.mst = 64 MS, Tres.stow 344 ms) was found for the WT (left).
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Their mean values as determined in the outside-out configuration are
presented in Table 1. Deactivation was considerably accelerated for
mutant compared to WT channels as both time constants were
significantly shorter (P = 0.010 for Tycacr.fase and P = 0.019 for Tyeucr.
slow)- Compared to whole cell experiments with small cells lifted from
the bottom (not shown), Tacacr-fasr and Tacacrslow Were between four-
and eight-times faster when determined from recordings of outside-out
patches, and the relative amplitudes of the faster component were
significantly larger (data not shown).

Kinetics of resensitization

Resensitization of GABA, receptors can be experimentally deter-
mined in paired pulse inhibition experiments. It gives a measure for
the recovery of the channels from desensitized states after cessation
of an agonist pulse. Resensitization was analysed in outside-out
patches using 5-ms pulses of | mM GABA for WT and of 30 mMm
for mutant receptors and intervals between pulses of 30, 100, 300,
1000, and 3000 ms (Fig. 5C). Averaged data from 11 and 13
independent experiments for WT and A322D mutant channels,
respectively, were analysed. For the WT, a second order exponential
function was best fit to the averaged time course of relative
resensitization, yielding Trsqug = 64 ms and Tresgow = 344 ms.
The relative amplitude of Trefug Was 0.49. For A322D mutant
channels, resensitization was much faster and followed a monoex-
ponential time course with Tes.ug = 45 ms. Introduction of an
additional slower exponential did not significantly reduce the
standard deviation of the fit.

Activation by phenobarbital

From the experiments performed so far, it cannot be decided if the
large rightward shift of the GABA dose-response curves results (i)
from a reduced binding affinity of GABA to mutant channels or (ii)
from gating changes after binding of GABA mediating the opening of
the channel. Therefore, we conducted experiments with another

o,B.1, Oy pamBYs
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agonist, the barbiturate phenobarbital that has a binding site distinct
from that of GABA (Amin & Weiss, 1993). Upon application of
phenobarbital to whole cells expressing o;B,y, human GABA,
receptors current transients with kinetics different from that of GABA-
activated currents were observed (Rho et al., 1996; Akk & Steinbach,
2000; Krampfl et al,, 2002a). In the present study, application of
100 uM phenobarbital resulted in a small, nondesensitizing current for
WT as well as for A322D mutant receptors (Fig. 6). As previously
described, application of phenobarbital concentrations >300 um
resulted in a rebound current after removal of phenobarbital, while
the maximum current amplitude in the presence of phenobarbital
showed a bell-shaped dose-response curve with a decrease of current
amplitudes at concentrations >1 mM (Wooltorton er al., 1997;
Krampfl et al., 2002a). The maximum peak current amplitude of the
rebound current was chosen to determine the dose-response relation
for the activation of WT and mutant A322D GABA, receptors by
phenobarbital (six independent experiments for each, WT and A322D
mutant channels). We did not observe a significant difference between
WT and mutant receptors, with an ECsp of 2.1 £ 0.3 mM and
2.5 £ 0.2 mMm, respectively (Fig. 6).

Surface expression of EGFP-tagged constructs

To find out the reason for the reduced current density observed for
mutant A322D compared to WT receptors, we constructed fusion
proteins of both the mutant and WT o,-subunit of the GABA,
receptor with the enhanced green fluorescent protein (EGFP) (see
Materials and methods). Transfection of the EGFP-tagged constructs
together with B2~ and y,-subunits into HEK293 cells combined with
confocal laser-scanning microscopy and overlay with a red-fluores-
cent membrane marker (FM4-64) revealed a pronounced staining of
the surface membrane for the WT (EGFP-q,) indicating that this
channel is regularly integrated into the cell membrane (Fig. 7, upper
row). GABA-induced currents could be regularly obtained from
transfected cells, however, with smaller mean current amplitudes
(304 + 74 pA, n = 10) compared to the WT without EGFP
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FiG. 6. Response to phenobarbital. Raw current traces recorded upon application of different concentrations of phenobarbital for WT and mutant receptors,
respectively. Phenobarbital elicits a small nondesensitizing current at a concentration of 0.1 mM. At higher concentrations, phenobarbital not only activated but also
blocked the receptor resulting in a rebound current upon removal of the agonist, which increased in amplitude with increasing phenobarbital concentrations. Dose
dependence of rebound current amplitudes after application of phenobarbital for WT and mutant GABA , receptor channels. The ECsq determined for these rebound
currents was not significantly different between mutant and WT GABA, receptor channels (the exact ECsq values are given in the text).
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EGFP-a,B,v,

EGFP-01.a3220B272

dsRed - ER marke
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FM4-64

overlay

F1G. 7. Expression of EGFP-fusion proteins. HEK293 cells were cotransfected with either EGFP-o;/ B3/ ¥2. EGFP-ot1.A32007 B2/ ¥2. or EGFP alone and visualized
using laser-scanning microscopy. EGFP was excited with the 488-nm line of the argon ion laser. For detection of fluorescence we used band-pass filter 515/30 nm.
Membrane specific labelling was performed by adding FM4-64 to the medium used for live confocal imaging (HeNe laser, excitation 543 nm, emission >570 nm).
The overlay shows a clear localization in the surface membrane for WT (upper row), but not for mutant GABA, receptors (middle row). Shown are representative
images from minimum 100 cells observed for each transfection group in at least three different transfections. A control experiment with EGFP alone showed a
homogeneous staining of the cytoplasm and the nucleus, but not the membrane (lower row). Cells transfected with dsRed2-ER (inset in the left), a marker for the
endoplasmatic reticulum (ER), showed a similar structured fluorescence pattern to those transfected with mutant or WT EGFP-labelled receptors, but not to those

transfected with EGFP alone. Scale bars, 10 um.

(624 + 180 pA, n = 16). In contrast, we could not detect any
staining of the cell surface membrane for the mutant receptor
(EGFP-0,.4322p)- The green fluorescence seemed to be structured
over the cytoplasm and the nucleus was spared (Fig. 7, middle row)
— similar to that observed for dsRed2-ER, a marker for the
endoplasmic reticulum (ER) (Fig. 7, inset on the left) — whereas
for EGFP alone (Fig. 7, lower row) a quite homogeneous distribution
all over the cell including the nucleus was found. In electrophys-
iological experiments, no currents could be recorded from those cells
transfected with EGFP-0t;.4320pm, B2 and v, in a | :1:2 ratio. In
previous experiments, Western blots have shown that the mutant
protein is regularly produced (Cossette et al., 2002). This could be
confirmed in our study for the fusion proteins EGFP-a; and EGFP-
®1.4322p Using a commercially available polyclonal antibody against
EGFP, as for both constructs, but not for nontransfected cells, we
could detect a band of the expected molecular weight of approxi-
mately 78 kDa (results not shown).

These data indicate a reduced surface expression of the EGFP-tagged
constructs per se, which showed reduced current amplitudes compared
to the native channels without EGFP. Nevertheless, there was a
fundamental difference between WT and mutant receptors in surface
expression, which can explain the reduced amplitudes recorded for
mutant receptors in patch clamp experiments. The structured staining of
EGFP-t;.4322p constructs resembling the fluorescence in cells trans-
fected with dsRed2-ER marker, compared to the homogeneous staining
for EGFP alone, might indicate that mutant receptors are retained in the
ER and are not transported to the surface membrane.

Discussion
Pathophysiology of idiopathic generalized epilepsies

In the presented study, we compared the gating parameters and the
expression of WT and mutant A322D GABA, receptor a-subunits
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when coexpressed with B,- and y,-subunits in a heterologous
expression system, HEK293 cells, using a combination of electro-
physiological and morphological techniques. Our results clearly reveal
a loss-of-function of the mutant receptor as the disease-causing
mechanism for juvenile myoclonic epilepsy. In particular, we have
shown that the severe loss-of-function is produced by a combination
of different molecular pathomechanisms, including reduced surface
expression, reduced GABA-sensitivity, and accelerated deactivation.
As in previous studies using recombinant receptors bearing mutations
in either GABRAI (Cossette et al., 2002; Fisher, 2004), or GABRG2
(Baulac et al., 2001; Wallace er al., 2001; Harkin er al., 2002;
Kananura et al., 2002), the occurrence of epileptic seizures can be
explained well by an impairment of GABA-ergic transmission.
Interestingly, various mutations in the chloride channel CIC-2 are
also associated with idiopathic generalized epilepsies (Haug et al.,
2003). This voltage-gated chloride channel plays a role in establishing
and maintaining the high transmembrane chloride gradient, which is
essential for an inhibitory GABA response. Therefore, there is
increasing evidence supporting the view that a disturbed GABAergic
inhibition is as a central pathophysiological mechanism for these
common forms of epilepsy (Mulley et al., 2003; Noebels, 2003;
Lerche et al., 2004).

Molecular pathophysiology of the A322D mutation

The main molecular mechanisms of the A322D mutation leading to a
loss-of-function of the pentameric receptor were a markedly reduced

macroscopic current amplitude at saturating GABA concentrations
and a 30- to 40-fold reduction in GABA sensitivity. Biochemical and.
morphological experiments showed that the mutant protein was’

produced regularly and probably located in the ER, but less inserted
into the surface membrane compared to the WT receptor. As the single
channel conductance and current-voltage relation were also unchanged
in the mutant receptor, our data indicate that a reduced surface
expression accounts for the observed reduction in current amplitude.
Beside the reduction in surface expression, the biophysical defects
cause a severe loss-of-function of the mutant receptor by a reduced
GABA-dependent current amplitude, a slower rising phase, and an
accelerated deactivation of GABA-ergic currents, which most likely
will markedly reduce and shorten the resulting IPSCs. GABA,
receptor subunits are highly conserved. The A322D mutation of the
ay-subunit, which leads to a special form of JME, is a dominant allele.
As shown in Fig. IC, when mutant and native o;-subunits were
cotransfected with B,- and y,-subunits, the dose—response curve gave
an intermediate ECso. From these data it might be assumed that there
is no interaction (like, e.g. a dominant-negative effect) between mutant
and native a,-subunits.

Potential biophysical mechanism of impaired channel gating
by the A322D mutation

The question remains, as to how the A322D mutation alters channel
gating on a molecular level. As the mutation is located deeply within
in third transmembrane domain (M3), far away from the extracell-
ularly located putative binding site for GABA (Mehta & Ticku,
1999; Sieghart & Sperk, 2002; Kash et al., 2004), it is likely that the
reduced GABA sensitivity of the mutant receptor occurs as a result
of partial uncoupling of GABA binding to the opening of the gate.
This coupling mechanism is not well understood up to now, but the
M2-M3 extracellular linker has been suggested to contribute to
transmit ligand-binding into an opening of the gate, which could be

The ay.a3220 GABA 4 receptor mutation causing JME {9

formed by the M2 segment (Kash er al., 2004). Thus, the M3
segment may play a role in coupling as well, which could be
influenced by the A322D mutation via inducing a conformational
change of M3 and disturbing a M3-M2 interaction, thereby
uncoupling agonist binding from channel gating. As such a putative
role for the M3 segment has not been suggested up to now, this is
another example of how disease-causing mutations can point to
protein regions important for channel gating, helping to understand
the molecular determinants of ion channel function (Lehmann-Hom
& Jurkat-Rott, 1999).

Our experiments using a barbiturate as another GABA, receptor
agonist, which has a different binding site than GABA (Amin &
Weiss, 1993), did not show a significant difference between WT and
mutant receptor activation (Fig. 6). Thus, the coupling mechanism of
barbiturate binding to channel opening is obviously different from the
one for GABA. As channel gating functioned in a normal way under
these conditions, these data indicate that the gate itself is not affected
by the A322D mutation. The normal single channel conductance and
current-voltage relationship confirm that pore properties are not
altered, as was also found for the corresponding mutation in the rat
isoform of this receptor (Fisher, 2004). Our data thus strongly suggest,
that the A322D mutation changes the coupling between GABA
binding and opening of the receptors gate quite specifically, while
there seems to be no significant change in channel gating itself and
activation by barbiturates,
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A Mutation in the GABA,
Receptor a;-Subunit Is
Associated with Absence

Epilepsy

Snezana Maljevic, PhD,** Klaus Krampf], MD ?
Joana (_'olnlanst.hl PhD Nikola Tilgen, MD,*
Susanne Beyer, BS,” Yvunnc G. Weber, MD,!
Friedrich Schiesinger, MD Daniel Ursu, PhD,*
Werner Melzer, PhD,? Pawrick Cossette. MD, PhD,’
Johannes Bufler, MD,* Holger Lerche, MD,"**
and Armin Heils, MD*%*

Objective: To detect mutations in GABRAI in idiopathic
generalized epilepsy.

Methods: GABRA1 was sequenced in 98 unrelated idio-
pachic generalized epilepsy patients. Patch clamping and con-
focal imaging was performed in transfected mammalian cells.
Results: We identified che first GABRAI mucation in a pa-
tienc with childhood absence epilepsy. Functional studies
showed no detectable GABA-evoked currents for the mucane,
truncated receptor, which was not integrated into the surface
membrane.

Interpretation: We conclude thac this de nove mutacdion can
contribute to the cause of “sporadic” childhood absence ep-
ilepsy by a loss of function and haploinsufficiency of the
GABA, receptor oy-subunit, and that GABRAI mutations
rarely are associated with idiopathic generalized epilepsy.

Ann Neurol 2006;59:983-987

Recent studies have shown that genetically driven ion
channel dysfunction plays a major role in the patho-
physiology of rare inherited idiopathic epilepsies. In
particular, inhibitory GABAergic neurotransmission
appears to be affected in these diseases.”* Recently,
two of the main GABA, receptor subunit genes have
been identified to be associated with different inherited
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epileptic disorders. Mutations in GABRGZ2, encoding
the y,-subunit, were found in families with generalized
epilepsy with febrile seizures plus (GEFS™) and child-
hood absence epilepsy (CAE) with febrile seizures,™
whereas a muration in GABRAI, encoding the o -
subunit, has been detected in a family with juvenile
myoclonic epilepsy.” To investigate whether GABRAJ
mutations contribute to the cause of other common
forms of IGE, we sequenced this gene in 98 unrelated
IGE patients.

Subjects and Methods

Study Sample

Ninety-cighe padents (58 male and 40 female paticnes) of
German origin diagnosed® with 1 of the 4 main IGE syn-
dromes, including juvenile myoclonic epilepsy (n = 30),
CAE (n = 38), juvenile absence epilepsy (n = 19), and cp-
ilepsy with grand-mal scizures on awakening (n = 11), were
included in our study, which was approved by the Echics
Committee of the University of Bonn. Sixty patients had a
family history with ac least 1 firse-degree relative affected
with IGE, and 38 were sporadic cases. Written informed
consent was obtained from all participants. Two hundred
ninety-two healthy individuals of (German descent served as
control subjects.

The diagnosis of CAE in the muration carrier was based
on clinical incerview and available medical records. His par-
ents reported short episodes with a loss of consciousness oc-
curring in typical pyknoleptic daily clusters between 3 and 5
years of age. There was no history of febrile scizures. Elec-
troencephalogram recordings at 4 years of age showed 3/sec-
ond spike-wave discharges provoked by hyperventilation as-
sociated with a short loss of consciousness. The patient was
treated with valproate from the age of 5 years and remained
seizure-free until now (current age, 18 years). There was no
history of epilepsy or febrile seizures in the unaffected
brother and both parents, according to interviews of the par-
ents and borh grandmothers of the index padient. Electroen-
cephalogram recordings of the unatfected brother at 16 years
of age and both parents were normal.

Genetic Studies and Mulagenesis

We amplified and sequenced all GABRAI coding exons and
adjacent splice sites (primers are available on request). Ma-
ternity and paternity were ascertained by genotyping the fol-
lowing highly polymorphic STR  markers:  D251266,
D452293, D55580, D65395, D75622, D85396, D9S234,
Di08518, DI35241, D148549, DI5851356, DI6S488,
D1751306, DI18S1002, D225526.

The QuickChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) was used to introduce the single base
pair deletion (975delC) in the human complementary DNA
of GABRAI in pcIf)NM,l(—-).7 which was verified by se-
quencing the whole coding region, The enhanced green flu-
orescent protein (EGFP) was inserted between amino acids
four and five of the mature human o,-subunit.”

984 © 2006 American Neurological Association

Cell Culture, Electrophysiology, Confocal Inaging,
and Immunoblots
All procedures were performed as described previously.” Hu-
man embryonic kidney (HEK293) cells were transfected with
the human wild-type (WT) or mutanc « -subunit (denoted
a5 O OF Oy a0k Tespectively), togecher with human 8,-
and y,-subunits in a 1:1:2 ratio, if not indicated otherwise,
using calcium-phosphate or Fugene 6 Transfection Reagent
(Rache Applied Science, Mannheim, Germany) and analyzed
after 24 o 48 hours. The GFP-labeled murine y,-subunit
used for onc subset of experiments was kindly provided by
Dr D, Wulff,"®

Standard whole-cell patch clamping was performed using
an Axopatch 200B amplifier and Axon digical daca acquisi-
tion (Axon Instruments, Union City, CA) combined with
ultrafase application of GABA (0.1uM to 10mM). Pacch pi-
pettes were filled with “intracellular” solution (in mM): 140
KCl, 11 EGTA, 10 Hepes, 10 glucose, 2 MgCl,. The bath
solution conrained (in mM): 162 NaCl, 5.3 KCI, 2 CaCl,,
0.67 NaH,PO;, 0.22 KH,POy, 15 Hepes, 5.6 glucose. The
holding potential was kept berween —40 and —80mV. All
data are given as means = scandard error of the mean.

Images were obtained using a confocal laser-scanning mi-
croscope  (Radiance 2000; Zeiss, Oberkochen, Germany).
The membrane-specific dye, FM4-64 (Molecular Probes, Eu-
gene, OR), was applied in a final concentration of 5uM. A
plasmid for expression of the dsRed2-ER marker (Clontech,
Palo Alto, CA) was (co)transfected. Immunocytochemistry
on nonpermeabilized cells and immunoblot analysis were
performed with polyclonal antibodies directed against EGFP
{Chemicon, Temecula, CA) using cells transfected with WT
or mutant EGFP-ot,3,v, or their lysates (protocols are avail-
able on request).

Results

Mucation Screening

A single base pair deletion (975delC) predicting a
frameshift and a premature stop codon (§326fs328X)
was identified in GABRA! in one affected individual
with CAE (Fig 1). Both parents and the unaffecred
brother carried two WT alleles (see Fig 1A). Paternity
and maternity were confirmed (see Subject and Meth-
ods). The mutation thus arose de novo in this indi-
vidual with “sporadic™ CAE and was absenc in 292
ethnically matched healthy control subjects. No other
sequence variations were detected in GABRA! in any
of the 98 affected paticnts investigated.

Functional Studies

Fast-activating and slowly desensitizing GABA-evoked
currents were recorded for the WT receptor (o, 857, in
a 1:1:2 ratio),” but no currents were detected in cells
transfected  with o gysaas20xBa¥2 subunits (Fig 2).
When mutant and WT «,-subunits were cotransfected
(00t 3266328/ B2/ Y2 in 2 1:1:1:2 ratio), no significant
dominant negative effect was observed, because current
amplitudes were 681 * 285 (n = 10) compared with
624 * 180pA (n = 16) for the WT alone.

Published by Wiley-Liss, Inc., through Wiley Subscription Services
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Fig 1. Pedigree and sequencing results illustrating a de novo
mutation in GABRAL in an individual with sporadic child-
hood absence epilepsy (CAE). A single base pair deletion
(975delC) was detected predicting a frameshife muzation and
a premature stop codon (S326(328X). (A) The pedigree indi-
cates that the unaffected parents and one wnaffected brother
carvied two wild-type (WT) alleles (+/+), whereas the index
patient carried the mutation and one WT allele (+/m). (B)
Sequencing results of a portion of GABRAL, showing one
wild-type allele and the 975delC mutation in the affected
individual. (C) Schematic presentation of the GABA, receptor
o -subunit. The premature stop codon results in a truncation
starting within the third transmembrane region (M3; white).

Different steps of protein formation and targeting
could be affected leading to the nonfunctional GABA,
receptor. To assess the cellular fate of WT compared
with mutant channels, we constructed fusion proteins
of the a;-subunit with EGFP, which yielded functional
receptors without any gating abnormalities.”'® The re-
combinant receptots were coexpressed with fluorescent
markers for either surface membrane or endoplasmic
reticulum (ER), and their localization determined using
laser-scanning confocal microscopy. Whereas a clear
membrane staining could be observed for WT recep-
tors, fluorescence for oy g3u40328xB2Y2 was found only
in the cytoplasm, indicating that the mutant channels
were not integrated in the plasma membrane (Fig 3A).
The same patterns occurred when the GFP-tagged mu-
rine y,-subunit'® was cotransfected with human §,-
subunit and WT or mutant «,-subunits (see Fig 3B),

confirming that the mutant o gs56r324x Was respon-
sible for impeding surface expression, We also used
immunocytochemistry with transfected, nonpermeabi-
lized cells and an antibody directed against the extra-
cellularly inserted EGFP to verify the lack of surface
expression for the mutant compared with the WT
protein (see Fig 3C). Using immunobloc analysis, we
detected the expected band for EGFP-«, (78kDa). In
contrast, for EGFP-a| ¢1y6p328x @ weaker band of
the expected size (65kDa) followed by a broad smear
of smaller proteins was observed (see Fig 3D).
Whereas the structured intracellular fluorescence pat-
tern for WT receprors corresponded largely o the
one obrained with dsRed2-ER, the more homogenous
cytoplasmic distribution for mutant receprors resem-
bled the one for EGFP alone, bur without a nuclear
fluorescence (sce Fig 3E, compare also Fig 3A). In con-
trast, for muration A322D), which vyields functional
channels with a 5-fold reduced current density and a 30-
to 40-fold reduction in GABA sensitivity, we previously
obuained clear bands in Western blots and a structured
distribution of fluorescent fusion proteins within che cy-
toplasm, similar to the WT, but also no clear membrane
stainillg.7'9 These results suggest that the mutane A322D
is not degraded buc largely remains in che ER with a
reduced transport to the surface membrane, whereas
5326fs328X studied here does not reach the plasma
membrane at all and is degraded.

Discussion

In this study, we report the identification and func-
tional characterization of the first mucation in

1 mM GABA

I

7

VRN

WT (a1, fyyy)

MUt (0 genanlPars)

200 pA

' 500 ms
Fig 2. GABA-cvoked currents of wild-type (WT) and musated
GABA, receptors. Complementary DNA encoding WT or mu-
tant o -subunits weve cotranifected into human embryonic
kidney (HEK293) cells together with By and vy ,-subunits,
Whole-cell currents of a,B,y, and &y gs6m32xB272 were
elicited by applying ImM GABA 1o cells kept at a holding
potential of —40mV. For the mutant construct, GABA-cvoked
currents could not he detected.
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Fig 3. Expression of enhanced green fluorescent protein (EGFP) fusion proteins. Human embryonic kidney (HEK293) cells were
cotrunsfected with either wild-type (WT) (EGEP-, 18,y or mutant constructs (EGFP-«,,,,,B,7.) or EGEP alone and visual-
ized using laser-scanning microscopy. EGFP was excited with the 488min line of the argon ion laser and detected using band-pass
filter 515/30mm. (A) Membrane-specific labeling was performed by adding FM4-G4 (5uM) to the medium wsed for live confocal
imaging (HeNe laser; excitation, 543nm; emission, >570nm). The overlay showed clear membrane staining for the WT, but no
surface expression for the mutant veceptors. n > 100 for each construct. (B) Coexpression using the murine GEP-vy, with human
;- and Bysubunits shows membrane staining only for o, ywrB,GFP-my, but not for o, BGFP-my, cotvansfections in
HEK293 cells. n > 30. (C) Conventional fluorescent microscopic images of HEK293 cells expressing EGFP-ct; vy, or EGEP-
CgomreilB2Y 2 protein complexes, incubated with a polyclonal antibody against EGFP before they were fixed, permeabilized, and their )
nuclei stained with 46 -diamidino-2-phenylindole-2 hydrochlovide (DAPI) (blue). There was a clear staining of the surface mem-
brane of cells sransfected with WT receprors (lefi), which was never observed in those transfected with the mutant (right). n > 50.
(D) W/utrm blot analyri_r of the wbo/('-r‘('/l /ysatu prtp/m'// ﬁ'«)m HEK293 cells tmmﬁ'rt('d with the same total amount of the fol-
- FGFP-wt, 5 kine 3 = EGFP-0; ywif35,Y5 lane 4 = EGFP-oi,.
ma35Ys Lane 5 = nonmszerted cells. f usion prutcm.\ were {/rtrm'a' using an anti-F GF]’ antibody. The botrom b/at shows im-
munoreactivity 1 the intracellular protein a-tubulin, used as an internal loading control. The sinear below the expecred size of

( S/eDa Jor the mutant protein in lanes 2 am/ 4 could indimre degrad‘ztion. (E) Representative cells coexpressing dsRed2-ER with

57()/1m. EGF P—a ,B z'y2 lzzrgely mr}e.\ponz/_\ to LR staining, whereas cytopld.rmic flworescence observed for EGFP-a Fomal32Y2 could

indjcate degraded EGFP-a,,,, proteins. n > 50. Scale bars =

GABRAI associated with CAE, which s the second
mutation found in a human discase in this genc. Our
functional, morphological, and biochemical experi-
ments clearly show a complete loss of function of the
mutant GABA, recepror. The results show that hetero-
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10pm.

meric GABA, receprors harboring the $3206£s328X
muration arc not integrated in the surface membrane
and suggest that the mutant protein is probably de-
graded. These observations could well explain the oc-
currence of epileptic seizures by impairing GABAergic



synaptic inhibition, the most important inhibitory
mechanism in the mammalian brain. The results are
consistent with those obtained for mutations found in
GABRAI and GABRG2 in related epilepsy syndromes,
which also lead to a loss of function of the a,B,vy,
recepror complex.>” %111 Thuys, there is significant
support for the bypothesis that the idensified de novo
mutation contributes to the cause of epilepsy in this
“sporadic” case with IGE. Because we did not observe
a dominant negative effect of the mutant on the WT
receptor, the epileptic phenotype is supposed to occur
due o a haploinsufficicncy of the GABRAI gene. We
expect more de novo mutations in other epilepsy-
relared genes to be found in the future, when sporadic
cases will be systematically screened. However, the
complex inheritance of IGE suggests that other, cur-
rently undetected genetic alterations also may contrib-
ute to CAE in the described single patient.

The overall frequency of mutations in any of the
GABA, receptor subunit genes in humans is probably
low. Altogether, only six mutations in GABRAI and
GABRG2 causing IGE with or without febrile sei-
zures,”” as well as two coding variants in GABRD pos-
sibly related to idiopathic epilepsy,'” have been identi-
fied so far. Our study shows that mutations in
GABRAI rarely occur in classic IGE, because only one
mutation was found in 98 unrelated cases. More mu-
tations might be detected when promotor and intronic
regions would be analyzed.

Our observation expands the spectrum of epilepsy
syndromes associated with GABRAI mutations and
further supports the hypothesis that the classic IGE
phenotypes share a common genetic background.™!* !
Because mucations in the gene CLCNZ2, encoding a
chloride channel involved in neuronal chioride ho-
meostasis, which is essential for GABAergic inhibition,
can be also associated with a large spectrum of IGE
phenotypes,”” “inhibited inhibition” might emerge as a
central mechanism in the pathophysiology of these
common genctic epilepsy syndromes.
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Neurons throughout the brain suddenly discharging synchronously and recurrently cause primarily general-
ized seizures, Discharges localized awhile in one part of the brain cause focal-onset seizures. A genetically
determined generalized hyperexcitability had been predicted in primarily generalized seizures, but surpris-
ingly the first epilepsy gene discovered, CHRNA4, was in a focal (frontal lobe)-onset syndrome. Another
surprise with CHRNA4 was its encoding of an ion channel present throughout the brain. The reason why
CHRNA4 causes focal-onset seizures is unknown. Recently, the second focal (temporal lobe)-onset epilepsy
gene, LGI/1 (unknown function), was discovered. CHRNA4 led the way to mutation identifications in 15 ion
channel genes, most causing primarily generalized epilepsies. Potassium channel mutations cause benign
familial neonatal convulsions. Sodium channel mutations cause generalized epilepsy with febrile seizures
plus or, if more severe, severe myoclonic epilepsy of infancy. Chloride and calcium channel mutations are
found in rare families with the common syndromes childhood absence epilepsy and juvenile myoclonic
epilepsy (JME). Mutations in the EFHC1 gene (unknown function) occur in other rare JME families, and yet
in other families, associations are present between JME (or other generalized epilepsies) and single nucleo-
tide polymorphisms in the BRD2 gene (unknown function) and the malic enzyme 2 (ME2) gene. Hippocrates
predicted the genetic nature of the ‘sacred’ disease. Genes underlying the ‘malevolent’ forces seizing 1% of
humans have now been revealed. These, however, still account for a mere fraction of the genetic contribution
to epilepsy. Exciting years are ahead, in which the genetics of this extremely common, and debilitating,
neurological disorder will be solved.

[ am about to discuss the disease called “sacred.” Itisnot,in  Two and a half millennia ago, the ‘father of medicine’
my opinion, any more divine or more sacred than any other  described epilepsy (1) and noted its genetic basis. The
diseases, but has a natural cause ... Its origin, like that of current decade marks the first unraveling of molecular altera-

other diseases, lies in heredity ... The fact is that the tions responsible for epilepsy and its heritability, which we
causc of this affection is ... the brain ... My own view is review in this article.

that those who first attributed a sacred character to this The human brain is possibly the most complex structure in
malady were like the magicians, purifiers, charlatans, and the universe (Fig. 1). The neuronal component consists of
quacks of our own day ... (1) more than 20 billion cells, cach connected with at lcast

10 000 others (2). Epilepsy is defined as a propensity to
Hippocrates 470-410 BC (2). Epilepsy prop y
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Figure 1. Electron micrograph of mouse neuropil. Several synapses are
shown: black arrows point to the postsynaptic density, which is comprised
of the neurotransmitter receptors; white arrows point to presynaptic vesicles,
which contain the neurotransmitters. Bar = 500 nm. There are at least 200
quadrillion synapses in the human brain. Tmage courtesy of Dr Cameron
Ackerley.

seize; in practice, an individual who has two or more unpro-
voked seizures is epileptic and will usually continue to have
seizures unless successfully treated. Epilepsy affects 1% of
people worldwide, in an estimated 40% of whom it is geneti-
cally determined (3). Other causes of epilepsy include trauma,
stroke and tuimors.

In wakefulness, brain activity is in a state of apparent chaos.
Like busy workers in a busy city, every neuron is acting and
reacting, which in turn generating consciousness and the
other characteristics and abilities of the mind. During sleep,
specialized neurons in the thalamus with profuse connections
to the cntire brain (Fig. 2) gradually disrupt the individual
activities of cortical neurons and entrain them all into mono-
tonous rhythmic synchronized discharges (4). Therefore, syn-
chronized activity of large numbers of neurons abolishes their
normal ‘wakeful® functions.

A scizure also consists of synchronized firing of large
numbers of neurons. There are two main types of seizures.
In primarily generalized seizures, the thalamocortical circuitry
is involved early in the attack and results in synchronized
firing of ncurons brain-wide, unconsciousness and often
violent rhythmic shaking of body parts. In focal-onset
seizures, the synchronized activity is restricted to one part of
the cortex (e.g. to the arm control area of the right hemi-
sphere, resulting in left-arm shaking) and may or may not
subscquently spread to rccruit the thalamocortical pathways
and result in secondary generalization (5).

Firing of an action potential by a ncuron results from
threshold depolarization of its cross-plasma membrane
voltage. This voltage is regulatcd by numcrous ion channcls

Location of
thalamus
(removed)

Thalamocorttical fibers

Figure 2. Thalamocortical fibers connect the thalamus to the entire cerebral
cortex and allow it to synchronize cortical neuronal firing. in sleep and
during generalized scizures.

that open or close, some in response to synaptic neuromcedia-
tors and others in response to changes in the voltage itself. It is
easy to imagine that genctic mutations in singly or groups of
channels will result in altered neuronal excitability, which,
in certain situations, will cause recurrent firing and driving
of a network of neurons into synchrony and a seizure. Tt is
important to remember that ‘increased excitability’ is not
synonymous with scizurc, c.g. the incrcased cxcitability
could be in inhibitory neurons. The final outcome of seizure
duc to excitability change dcpends very much on which
neurons in which networks are affected.

This review restricts itself to the genetic causes of epilepsies
occurring in previously well individuals with no cvident
underlying brain disorder before the onset of seizures.
The first section addresses the roles of excitatory ion channels
(Na and Ca), the second, inhibitory channels (K and (1), and
the third, non-ion channel genes. In all cascs, so far the resul-
tant epilepsies are autosomal dominant disorders or sporadic
syndromes due to de novo hemizygous mutations (Table 1).

EXCITATORY ION CHANNEL EPILEPSY GENES
Sodium channel mutations

Nine genes encode a-subunits of voltage-gated Na channels.
Four of these are highly expressed in neurons of the central
nervous system: SCN/A (Na,1.1), SCN2A (Na,1.2), SCN34
(Na,1.3) and SCN84 (Na,1.6). The first evidence for a role
of this gene family in epilepsy camc from positional cloning
of the inherited syndrome generalized epilepsy with febrile
seizures plus (GEFS+), a mild disorder with a variable epi-
leptic phenotype including fever-induced secizures. Two
families with gene loci mapped to chromosome 2q24 families
contained missense mutations in evolutionarily conserved
residues of SCN/A. changing amino acid residues within or
close to transmembrane segments of the protein (6). Since
then. 13 additional missense mutations of SCN/4 have been
identified, accounting for ~10% of GEFS+ families tested
(Fig. 3A). In functional assays, these missense mutations
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Table 1. Epilepsy genes and corresponding syndromes
Genes Neurological disorder Chromosome References
Na channcl
SCN2A BENIS (MiM 607745). GEFS+ (MIM 604233) 2q23-q24.3 (15,16)
SCNIB GEFS+1 (MIM 604233) 19q13.1 (19)
SCN1A GEFS+2 (MIM 604233). SMEI (6G7208) 2q24 (6.12)
Ca channel
CACNB4 IGE (MM 600669), IME (MTM 606904) 2q22-23 (28)
CACNALA EA2 (MIM 108500), FHM(MIM 141500), SCA6 (MIM 183086), IGE (MIM 600669) 19q (31,33.89)
CACNAIH CAE (MM 607682) t6pi3.3 (23)
ACh receptor
CHRNA4 ADNFLE[ (MIM 6000513) 20q13.2—-ql3.3 (36)
CHRNB2 ADENFL3 (MIM 605375) Ip2l (90,91)
K channel
KCNQ2 BFNC1 (MIM 125370). BFNC/myokyniia (MTM 606437) 20q13.3 ©2)
KCNQ3 BFNC2 (MIM 121201) 8q24 (43.44)
KCNAI EA1 (MIM 160120), partial epilepsy 12p13 (45,93)
GABA, receptor
GABRA1 IME (MIM 606904) 5q34 (60)
GABRG2 GEFS+3 (MiM 604233). CAE (MIM 607681) 5q34 (58,59)
GABRD GEFS+ (MIM 604233) 1p36.3 (63)
Cl channel
CLCN2 CAE (MIM 607682), EGMA (MIM 607628) 3926 (66)
Non-ion channel
LG ADPEAF (MIM 600512) 10q24 (71.94)
EFHCI JME (MIM 254770) 6pl2-pll (80)
BRD2 IME (MIM 254770) 6p21.3 (8S)
ME2 IGE (MIM 600669) 18¢21 (86)

BFNIS, benign familial neonatal and infantile seizures; 1GE, idiopathic generalized cpilepsy; EA, episodic ataxia; FHM, familial hemiplegic migraine;
SCA, spinocerebellar ataxia; BFNC, benign familial neonatal convulsions; EGMA, epilepsy with grand mal upon awakening: ADPEAF, autosomal

dominant partial epilepsy with auditory features.

produce subtle changes, such as increased persistent current
and alterations in voltage-dependent gating, in biophysical
parameters of channel activity (7—10). One GEFS4 mutation
in the C-terminal cytoplasmic domain of SCNI14 reduced
interaction with the $1-subunit (11).

In addition to inherited mutations, it is now clear that
de novo mutations of SCNI/A account for ~50% of patients
with severe myoclonic epilepsy of infancy (SMET), a severe,
early-onset epilepsy accompanied by intellectual deterioration
(12). Nearly 200 independent mutations have been identified
in affccted children, and more than 90% of tested cases
were sporadic. Approximately half of the SMEI mutations
are nonsense mutations resulting in truncation of the channel
protein and loss of channel activity (Fig. 3B). The observation
that phenotypic severity is comparable to truncations close
to the N-terminus of the protein and those close to the
C-terminus indicates that loss of function s the common
feature and demonstrates haploinsufficiency for SCNI4 (13).
Many missense mutations in SMET patients also result in
loss of function (14). It now appears that the SCNIA4-related
epilepsies comprise a spectrum of severity ranging from the
mildest cases of GEFS+ characterized by childhood seizures
without progression, through a wide range of variable pheno-
types, to the devastating loss of function mutations in SMEIL.

A small number of mutations have been identified in the
closely related channel SCN24, located 600 kb downstream

from SCN/A. One missense mutation of SCN24 was found
in a GEFS+ family (15), and six missensc mutations were
identified in patients with benign familial neonatal—infantile
seizures, a mild syndroine that presents and remits in the
first year of life (16,17) . One truncation mutation of SCN24
was identified in a patient with intractable cpilepsy resembling
SMEIT (16,17).

The Na channel B-subunits, 314, are small transmem-
brane proteins with an extracellular IgG loop (Fig. 3A).
Association with the B-subunit influences o-subunit traffick-
ing, stability and channel gating (18). Two different mutations
in the B1 gene SCNJB have been identified in patients with
GEFS+ (Fig. 3A) (19,20). The major cffect of the B-subunit
mutations seems to delay Na channel inactivation, similar to
many of the SCN/4 missensc mutations in GEFS+ patients.

Calcium channel mutations

Ten genes encode w-subunits of voltage-gated Ca channels.
Each o-subunit pairs with - and «28-subunits (cach of
which has four subtypes), as well as a y-subunit (eight sub-
types) in certain instances. The magnitude of combinations
linking these subunits allows for vast diversity in the regu-
lation of Ca entry.

Several coding single nucleotide polymorphisms (SNPs)
have been found in the CACNA/H gene in rare patients with
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Figure 3. Epilepsy mutations in voltage-gated sodium and potassium channel genes. (A) Missense mutations of SCN/4 and SCN/B in families with GEFS+. (B)

De novo truncation mutations of SCN74 in patients with SMEL (C) Mutations of KCNQ?2 (filled symbols) and KCNQ3 (open symbols) in patients with benign
familiat neonatal convulsions. (D) Mutations of KCNA/ in episodic ataxia 1 paticnts with scizures,

primarily generalized seizures, and not in a large number of
controls. The patients included cases of childhood absence

frequent unconscious staring spells without convulsion.
CACNAIH encodes an a-subunit that determines the Ca,3.2
T-type calcium channel, which is critically linked to the
synchronizing activity of the thalamus (4,24) and which is
modulated by ethosuximide (25), the drug of choice
for CAE. Furthermore, thc various epilcpsy-associated
CACNAIH SNPs alter properties of the channel in ways
predicted to generate scizures (23,26,27). Together, these

results suggest that these SNPs are true mutations, explaining
a small fraction of CAE.

A truncating mutation in CACNB4 was found in a small
family segregating juvenile myoclonic epilepsy (JME) (28),
a very common epilepsy of adolescence with early morning
jerks of the arms and generalized convulsions. The CACNB4
observation has not yet been confirmed in other JME cases.
Other CACNB4 mutations, and mutations in C4CNAJA,
cause episodic ataxia type 2 and hemiplegic migraine. These
disorders are not epilepsies, because they do not involve
synchronized firings of large numnbers of cortical neurons.



Nonetheless, many affected members in these families do
also suffer bona fide scizures, indicating that these Ca
channel gencs also drive seizures when their propertics are
altered (28-33).

Mutations in the 432 nicotinic acetylcholine receptor

Nicotinic acetylcholine receptors are ligand (acctylcholine)-
gated cation (Na and Ca) channels. They are pentamers of
two types of subunits (« and B). w4 combined with B2 is
the most common arrangement in brain (34). Six missense
mutations causing an autosomal dominant nocturnal frontal
lobe-onset epilepsy (ADNFLE) have been identified in
adP2, four in «d4 (CHRNA4) and two in 32 (CHRNB2)
(35). Oue of the o4 mutatious is the first cpilepsy-causing
mutation discovered (36).

a4f2 occupies a particular neuronal location, and its
mutations appear to cause epilepsy through a particularly
interesting mechanism (37), which arc worth claborating
(Fig. 4). Tt is present at the presynaptic side (axonal side) of
both glutamatergic and GABAergic synapses. (Glutamate
and GABA are the main excitatory and inhibitory neurotrans-
mitters in brain. Glutamate receptors are Ca channels, which
talke in large amounts of Ca when stimulated. GABA receptors
are Cl channels.) (38) The patch of presynaptic membrane
occupied by adf32 at these synapses is itself postsynaptic to
a cholinergic synapse. Opening of ad4f2 with cholinergic
stimulation depends on a strong allosteric effect of extracellu-
lar Ca (39). When «4B2 opens, it adds local depolarization to
the wave of depolarization arciving to the axon terminus
with the action potential. ADNFLE mutations have in
cormmon the property of eliminating the allosteric Ca effect
on a4P2 (37,40). This has led to the following theory to
explain how these mutations cause sleep-induced seizures.
Normally, with the recurrent stimulation of cortical neurons
by the thalamus during sleep, Ca in glutamatergic synapses
is reduced (absorbed by the glutamate receptors) and the
Ca effect on 042 is diminished. At GABAergic synapses,
Ca is not depleted and continues to activate «4p2. Tn sun,
inhibitory GABAcrgic synapscs are aclive and cxcitatory
synapses are inactive during sleep. With ADNFLE mutations,
Ca cannot activate a4p2, inhibition in brain is lost during a
time of recurrent synchronizing firing by the thalamus and a
seizure is gencrated (Fig. 4) (37).

INHIBITORY ION CHANNEL EPILEPSY GENES
Potassinm channel mutations

The principal role of K channels is stabilization of the cell
membrane potential including termination of intense activity,
dampening of repetitive firing and lowering the cffectivencss
of excitatory inputs onto the cell. Among ion channels, K
channel gene diversity is particularly striking, with 24 major
classes and more than 80 different subunit genes (41). To
date, threc of these genes, KCNQ2 (42,43), KCNQ3 (44) and
KCNAI (45,46), have been implicated in epilepsy.

KCNQ2 and KCNQ3 proteins combine in a heteromer to
form the M type K current, which slowly activates in the
voltage range of action potential initiation, repolarizing the
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membrane and suppressing repetitive firing (47). Mutations
of KCNQ2 and KCNQJ3 result in benign familial neonatal
convulsions, where scizures occur cssentially only in the
first month of life and are inducible by provoked or natural
arousal from sleep (48.,49). Forty-cight mutations have been
reported, most in KCN(J2 (50~54) including three de novo
imutations in non-inherited cases (55) (Fig. 3C).

Mutations in KCNAT were first identified in families with
episodic ataxia type 1 (Fig. 3D). In two families, missense
mutation in KCNAI was associated with focal-onset epi-
lepsy(45,46). KCNAI is a rapidly activating, delayed-rectifier
K channel (K,1.1) that is primarily involved in the recovery
phase of action potentials (41,56). Mutations in KCNA4/
associated with epilepsy dramatically reduce K currents in
vitro (45,46), and knockout mice exhibit spontancous focal-
onsct seizures (57).

Chloride channel mutations: the GABA, receptors

GABA, receptors are ligand (GABA)-gated Cl channels,
which mediate fast inhibition. Their inolecular structure com-
prises a heteropentameric protein complex assembled from 17
differcnt classes of subunits («1-6, Bl1—4, y1-3, ...5, e, 7
and 8). Thus far, epilepsy-causing mutations have been
identified in G4ABRG2, GABRA!, and GABRD, encoding,

functional studies have revealed that the majority of these
mutations result in a reduction of GABA-activated Cl currents
(Fig. 5) (58,60,63,64).

In GABRG2, two mutations cause GEFS+ (58,62) and two
others result in febrile seizures and CAE (59,61). In GABRAI,
one mutation segregates with rare JME families (60,65), and
in GABRD, two missense mutations are associated with
GEFS+ (63). One of these GABRD mutations, E177A, like
GABRG2 and GABRA 1 mutations, results in decreased ampli-
tude of GABA-evoked currents, the other, R220C, does not.
Whether it is a rare neutral variant or is associated with
more subtle effects on the GABA, receptor remains to be
determined. In the same study, another variant, R220H, was
detected in a JME family, but it was also present in the
general population with a frequency of 4.2%. Nonetheless,
this polymorphism reduced GABA-cvoked currents, which 1s
expected to increase neuronal excitability. This and similar
functional polymorphisms represent candidates for the modi-
fier gene—dose effects anticipated in common epilepsies
with complex inheritance, including IME and CAE.

Chloride channel mutations: the voltage-gated

chloride channels

Five epilepsy mutations have been identified in the CLCN2
gene (encoding the CIC-2 voltage-gated chloride channel)
(66.67), three of which have been subject to functional
studies. The M200sX231 and del74-117 mutations comple-
tely abolish the CIC-2 current. In contrast, the G715E
mutation appears to act through a different mechanism. It
alters C1C-2 gating, resulting in an outward (reverse) chloride
current expeeted to severely affect membrane potential
stability and responses to polarity changes (66).
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Figure 4. Modcl of sleep-related scizures due to mutations in the a4f2 nicotinic acetylcholing receptor (37.40). (A) At GABAcrgic synapscs (inhibitory), Ca can
no longer contribute to the activation of the acetylcholine receptor cation channel, because of mutation of its allosteric binding site on the channel (red dot).
Decreased conduction through this cation channel results in decreased presynaptic amplification of the sicep-related trains of thalamocortical action potentials,
and therefore, decreased synaptic transmission. (B) At glutamate synapses (excitatory), because synaptic Ca is quickly depleted into postsynaptic dendrites
through glutamate receptors during repeated thalamocortical firing, it does not normally contribute to acetylcholine receptor activation. In sum, GABAergic
synapscs, but not glutamate synapses, are affected by the mutation during sleep, resulting in decreased inhibitory neurotransmission and scizure.

The phenotypic outcomes of the aforementioned mutations
were remarkably varied. M200fsX231 was associated primar-
ily with JME, del74-117 with generalized seizures upon
awakening and G715E with juvenile absence epilepsy (a
juvenile form of CAE) (66). These three epilepsies have
primarily gencralized seizures in common, but each has long
been categorized as a separate clinical syndrome (65,68).
Therefore, the CLCN2 mutations in this study raise the

possibility that variations in the same ion channel can underlie
major syndrome-defining differences. Alternatively, CLCN2
mutations merely predispose to generalized seizures, and
modifier genes, different in each family, account for the
phenotypic differences.

It is abundantly evident that epilcpsy due to ion channel
mutations is characterized by wide clinical and genetic hetero-
geneity. All the mutations reviewed earlier account for a mere
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Figure 5. The A322D (G4BRA7 mutation appears to reduce (FABA, Cl cur-
rvents through reduced surface expression of the mutated protein. HEK 293
cells were co-transfected with ol -EGFP/B2/y2, al-A322D-EGFP/B2/42. or
EGFP alone and visualized using laser-scanning microscopy. Membrane
specific labeling was performed by adding FM4-64 to the medium used for
live confocal imaging. The overlay shows a clear localization in the surface
membrane for wild-type, but not for mutant GABA, receptors (93). EGFP,
enhanced green fluorescent protein.

fraction of the genetic contribution to epilepsy, and it is likely
that many more ion channel mutations, singly or in groups, or
mutations in proteins affecting ion channe! functions will be
found, tweaking the brain towards synchronized firings and
seizures. However, epilepsy is also expected to result from
miswirings in sections of the neural network, and perhaps
some of the mutations discussed in the next section act in
this fashion.

NON-ION CHANNEL EPILEPSY GENES
LGI1

Originally identified in glioma studies (69), the leucine-rich
glioma-inactivated (LGI/) gene is currently considered not
to play any important role in brain tumors (70). Instead, its
mutations result in a focal-onset epilepsy with onset in or
near the auditory center in the temporal lobe of the brain,
resulting in auditory seizures with or without generalization
to convulsion and unconsciousness (71-76).

Little is known about the LGI/ protein function (named
LGI! and epitempin). It consists of an N-terminal leucine-
rich repeat region and a C-terminal EAR (epilepsy-associated
repeat) region (77), and it is a scercted protein (78,79). The
EAR region is a common feature with the Mass] gene
product mutated in the Frings mouse model of audiogenic
epilepsy (77). lutroduction of cpilepsy-associated mutations
results in unstable protein, suggesting that the mutations act
through a loss of function mechanism (79). Finally, LGI1
appears to play a major role in suppressing the production
of MMP1/3 through the phosphatidylinositol 3-kinase/ERK
pathway. How L.GI1 mutations result in seizure generation
remains completely unknown, and why the temporal cortex
is affected is equally mysterious. It is possible that LGl
affects ion channels with particular relevance to auditory
cortex or that it influences proper auditory cortex neuronal
network establishment.

Human Molecwlar Genetics, 20035, Vol 14, No. 17 2497
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EFHC/ is yet another gene mutated in some families with
JME. Tts protein product, EFHC!1 or myoclonin 1, localizes
in the soma and dendrites of neurons in multiple brain
regions. EFHCI iuteracts with the R-type voltage-dependent
Ca channel (Ca,2.3) and leads to a specific increase of this
current when expressed in tissue culture. Introduction of
JME  mutations greatly reduces the activating effect of
EFHCI on the channel (80).

EFHC! may therefore cause JME through neuronal
membrang electrical destabilization, as is the case in JME
due to ion channel mutations. However, further studies raise
an alternate or additional possibility. EFHCI is pro-apoptotic,
and the apoptosis it induces is reduced by EFACI! IME
mutations. EFHCl-induced apoptosis is also specifically
suppressed by a Ca,2.3 antagonist, suggesting that it is
driven by the Ca influx through this channel (80). During
normal brain development, neuronal numbers and processes
overshoot and are then trimmed as the final structure is estab-
lished (81,82). The few JME brains that have been studied
pathologically (83), or with detailed magnetic resonance
imaging (84), reveal mildly thickened cerebral cortex and dys-
topic neurons. It is thercfore possible that EFHC/T mutations
result in insufficient apoptotic shedding of unnecessary
neurons during development and produce an imperfect, over-
populated and epileptogenic, cerebral network (80).

BRD2 and ME2

Finally, highly significant associations have been reported
between non-coding SNPs in the BRD2 gene and JME (85)
and in the ME2 gene and primarily generalized epilepsies
including JME (86). BRD2 is a putative developmental tran-
scription regulator expressed in brain and may be involved
in the JME cortical microdysgenesis as mentioned earlier
(85). ME2 encodes malic enzyme 2, a mitochondrial enzyme
involved in the synthesis of GABA, the ubiquitous inhibitory
neuromediator (86).

The difficulty with the intriguing BRD2 and ME2 obscr-
vations is in finding ways of establishing animal models to
confirm the roles of these genes and as models for pathoge-
netic studies. This difficulty is shared with the increasing
number of other common genetic diseases found segregating
with SNPs. In most such instances, it is problematical to ident-
ify the effect of the SNP on its associated gene and find ways
to replicate that cffect in a mouse. Furthermore, most of these
diseases are complex in inheritance, and one would need to
identify and recreate several if not many participating poly-
morphisms. Perhaps, the solution will come not so much
from engineered mice, but through detailed clinical and
genetic studies in domesticated animals. A first canine epi-
lepsy gene has atready been discovered, albeit in the mono-
genic Lafora progressive myoclonus epilepsy (87). Epilepsy
in dogs is five to 10 times more common than that in man
(88). If, for cxample, naturally occurring JME could be
characterized in dog, then one could attempt to replicate the
genetic associations with BRD2, ME2 and other IME genes
in dog familics, confirming the associations in a different
organism and, at the same time, establishing an animal model.
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Many more epilepsy genes than the ones reviewed in this

article remain to be discovered. Epilepsy mutations affect pro-
teins that regulate action potentials and synaptic function, both
of which underlie neuronal communication. They also appear
to affect proteins involved in proper cortical network estab-
lishment. Identifying epilepsy proteins and understanding
their functions arc clearly critical to better carc for the tens
of millions of patients afflicted with seizures (and with the
devastating unpredictability of seizures). They are also of
great valuc to the understanding of neuronal network for-
mation and communication, i.e. ultimately, to the understand-
ing of the human brain by the human brain.
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